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The goal of this thesis is to understand the structure and dynamics of deep eutectic solvents 

(DESs), which is relatively a new class of solvent. It is the mixture of two or more compounds 

that are usually solid and interact with each other, primarily via hydrogen bonding. DESs are 

liquid at operating temperature (usually room temperature) as a result of massive depression of 

freezing point through intermolecular interaction, apart from the concentration effect (i.e. 

colligative property). Here, I explored the heterogeneity aspect of various DESs using time 

resolved spectroscopic techniques. Specifically, rotational, translational and solvation 

dynamics and their temperature dependence has been explored in different classes of DESs 

(ionic, non-ionic and hydrophobic). To assess the hydrodynamic theory in DESs, the time 

constants associated with each of these dynamics have been analysed to determine the nature 

of coupling with the medium viscosity. Finally, activity of an enzyme was investigated in 

hydrated non-ionic DESs.  

Summary of the work done 

(a) Temperature-Dependent Ultrafast Solvation Response and Solute Diffusion in 

Acetamide–Urea Deep Eutectic Solvent 

Temperature dependent ultrafast solvent response of a non-ionic DES based on 

acetamide and urea [0.6 CH3CONH2 + 0.4 CO(NH2)2] was investigated using 

femtosecond transient absorption (TA) and optical Kerr effect (OKE) spectroscopy. 

Translational diffusion of a fluorescent probe in the same DES was also studied at 

various temperatures using fluorescence correlation spectroscopy (FCS). These were 

used to study the viscosity coupling of the measured relaxation times and thus to verify 



xiv 
 

the dynamical heterogeneity aspect of this medium. From FCS study the translational 

diffusion time of a solute in the DES found to show a fractional viscosity dependence, 

with exponent 0.758, which, when compared with the viscosity–diffusion relationship 

for the same solute in common molecular solvents, suggests moderate deviation from 

the Stokes–Einstein relation. The solvent response have been found to be triexponential 

in nature, dominated by a ∼100 fs component. The other two components are 

characterized by time constants in ∼5 and ∼50 ps regimes. Subsequent comparison 

with the femtosecond OKE measurements suggests that the relatively slower 

picosecond solvation components originate from the reorientation of the solvent 

molecules, while the subpicosecond solvation response arises from the participation of 

the collective low-frequency solvent modes (such as intermolecular vibrations and 

librations). We find that the rotational diffusion lifetimes also exhibit fractional power 

dependence on medium viscosity and thus deviate from the Stokes–Einstein–Debye 

prediction. All of these results therefore suggest that the non-ionic acetamide–urea DES 

is a moderately heterogeneous medium. 

(b) Partial Viscosity Decoupling of Solute Solvation, Rotation, and Translation in 

Lauric Acid/Menthol Deep Eutectic Solvent: Modulation of Dynamic 

Heterogeneity with Length Scale 

My next choice of DE was a less studied hydrophobic DES prepared from lauric acid 

and menthol (LA/Men DES). Here, I have examined the structure and dynamics of 

LA/Men DES through steady-state emission, solvation dynamics, time-resolved 

fluorescence anisotropy, and translational diffusion dynamics. The zero shift in the 

emission spectra of coumarin 153 (a solvatochromic dye) as a function of the excitation 

wavelength suggests that LA/Men DES is spatially homogenous. Decoupling (p = 0.63) 

of the average solvation time 〈𝜏𝑠〉 from medium viscosity suggests the presence of 

dynamic heterogeneity in the system. Rotational time 〈𝜏𝑟〉, which reflects the nature of 

the first solvation shell, shows little decoupling (p = 0.81), suggesting it to be fairly 

dynamically homogeneous at a shorter length scale. An Arrhenius-type analysis also 

proves that rotation is mainly controlled by medium viscosity. Translational diffusion 

time 〈𝜏𝐷〉 which provides information at a larger length scale, is found to be strongly 

decoupled from medium viscosity (p = 0.29). This indicates that at a larger length scale, 

the DES is quite dynamically heterogeneous. The slow component of solvation time, 

which is believed to originate at a larger length scale, correlates well with the 
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translational diffusion timescale having similar activation energies. This suggests that 

their origin is same. Expectedly, for the long component of solvation time, the 

decoupling is quite strong (p = 0.30). Overall, the study demonstrates the structure and 

dynamics of the LA/Men DES, and the existence of length scale-dependent 

heterogeneity has been proposed. The finding of this study should definitely invite the 

study of this DES with scattering experiments and simulations to complete the picture.   

(c) Sub-picosecond Solvation Response and Partial Viscosity Decoupling of Solute 

Diffusion in Ionic Deep Eutectic Solvents 

Previous solvation dynamics study (with 70 ps instrument response) of DESs based on 

acetamide and LiBr/NO3 missed about 50 % of the Stokes shift dynamics despite 

considerable bulk viscosity. Here, fluorescence up-conversion (∼250 fs instrumental 

response) coupled with time correlated single photon counting measurements was used 

to explore the complete Stokes shift dynamics of a dipolar solute probe, coumarin 153 

(C153), in several ionic acetamide deep eutectic solvents (DESs) that contained lithium 

nitrate/bromide/perchlorate as electrolyte. Combined measurements near room 

temperature reflected a total dynamic Stokes shift of approximately 800–1100 cm–1 and 

triexponential solvation response functions. Interestingly, the average rate of solvation 

became faster upon successive replacement of bromide by nitrate in these deep 

eutectics, and a sub-picosecond time scale emerged in the measured solvation response 

when bromide was fully replaced by nitrate. Temperature dependent solute diffusion in 

these deep eutectics at the single molecule level using FCS, revealed pronounced 

fractional viscosity dependence of the solute’s translational motion. Subsequently, this 

partial decoupling of solute translation was attributed to the micro-heterogeneous 

nature of these ionic DESs after examining the diffusion–viscosity relationship of 

molecular solvents at room temperature and in a liquid amide solvent at different 

temperatures. 

(d) Rational design, preparation and characterization of a ternary non-ionic room-

temperature deep eutectic solvent derived from urea, acetamide, and sorbitol 

Although DESs have emerged as an excellent alternative solvents, most of the DESs 

reported are ionic, and to the best of our knowledge, only a handful of non-ionic DESs 

are available, which are liquid at room temperature. Non-ionic DESs may be desirable 

in applications such as organic synthesis because many reactants might not dissolve in 

ionic media. Here, we rationally design and report a new ternary non-ionic DES 

comprising of acetamide, urea, and sorbitol, which is liquid at the room temperature. I 
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reported temperature dependent refractive index (𝑛𝐷), sound velocity (u), density (), 

and dynamic viscosity () in this DES. This study shows that the third component in 

the DES has a strong impact on its physico-chemical properties.  

(e) Correlating Bromelain’s Activity with its Structure, Active-site Dynamics and 

Media’s Physical Properties in a Hydrated Deep Eutectic Solvent 

DESs have been shown to be biocompatible and therefore, emerging as a new media 

for bio-catalysis. Biomolecules like proteins haven been shown to be stable in DESs 

while retaining its activity. However, only few studies have been devoted to understand 

the structure and activity of proteins in DESs. This work represents a systematic study 

deciphering the behaviour of bromelain in a ternary DES with a composition of 

acetamide:urea:sorbitol = 0.5:0.3:0.2 (0.5Ac/0.3Ur/0.2Sor) along with various degree 

of hydration. The purposefully chosen DES here is non-ionic and liquid at room 

temperature. It provides us a unique opportunity to contemplate protein behaviour in a 

non-ionic DES for the very first time. I chose bromelain as the model enzyme for this 

study. The result infers that at low DES concentration (up to 30% V/V DES), bromelain 

takes up a more compact structural conformation; whereas at higher DES concentration; 

it becomes somewhat elongated. Microsecond conformational fluctuation time around 

the active-site of bromelain gradually increases with increasing DES concentration, 

especially beyond 30% V/V. Interestingly, bromelain retains most of its enzymatic 

activity inside DES, and at some hydration level it is even higher as compared to that 

in buffer. Furthermore, we correlate bromelain’s activity with its structure, active-site 

dynamics and media’s physical property. Our results demonstrate that compact 

structural conformation and flexibility of active-site of bromelain favours its proteolytic 

activity. Similarly, an increased polarity and decreased viscosity of the medium is 

favourable for its activity.  
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THESIS OUTLINE 

This thesis is divided into following chapters. 

Chapter 1. In this chapter, DESs has been introduce. 

Chapter 2. This chapter briefly describes the experimental techniques that have been 

employed to study DESs. Data analysis and sample preparation methods have 

also been discussed in brief. 

Chapter 3. This chapter describes the first ever study of ultrafast solvation dynamics in 

DES using femtosecond transient absorption spectroscopy and Optical-Kerr 

effect spectroscopy. Diffusion nature of a fluorescent dye has also been 

investigated. 

Chapter 4. In this chapter, various dynamics such as rotation and translation of solute in 

hydrophobic DES have been studied along with the solvent dynamics. Micelle-

like structure has been proposed from the results of these dynamics. 

Chapter 5. In this chapter, solvation dynamics of acetamide based ionic DESs using 

fluorescence up-conversion and TCSPC has been investigated. Also, nature of 

translational diffusion of a fluorescent probe in these DESs has been compared 

with common solvents. 

Chapter 6. (a) This chapter reports synthesis of new ternary non-ionic DESs. Temperature 

dependent physical properties of this DESs have been reported at several mole 

fractions.  

(b) This chapter describes the correlation of activity of an enzyme with its 

structure and dynamics and with various solvent properties to understand why 

it remains active inside a hydrated DESs.  

Chapter 7 Concluding Remarks and Future Prospects 
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1.1 Brief Introduction – Solvents 

Chemistry without solvents is unimaginable and therefore, a discussion on the importance of 

solvents should precede the discussion of deep eutectic solvents (DESs). Solvents are important 

part of numerous processes in laboratory and beyond.1-4 In the world of living organisms, water 

acts as solvent and facilitate vital processes.5 In laboratories, solvents are primarily used as 

media for chemical reaction and extraction. Solvents are not just there but they interact with 

the solute (i.e. solvation) and control the chemistry. There are wide variety of solvents and they 

are classified on the basis of various parameters and properties.4 For example, molecular 

solvents and ionic liquids are differed on the basis of the intermolecular interaction. On the 

other hand, polar and non-polar solvents are classified based on the dielectric constant and 

refractive index. 

Water is “The Best” of all the solvents from the viewpoint of toxicity and its solvating and 

dissolving power which makes it the most important solvent in green chemistry. It is known as 

“Universal Solvent” as it can dissolve a wide spectrum of solute molecules. Even the reaction 

of hydrophobic solutes can be accelerated in water which is the result of hydrophobic effect.6-

9 This was specifically shown for the first time when famous Diels-Alder reaction was carried 

out in water.10 Since then, use of water even in organic chemistry is widespread.11,12 

Nevertheless, use of water also comes with limitations and drawbacks.13 There are many 

catalysts, reagents and reactants that are not stable in tolerate water. Tert-butyl lithium, a 

common strong base used in organic synthesis reacts violently with water. Apart from this, 

many organic reactants cannot be solubilized in water.   

Apart from water, most of the conventionally used are organic solvents and their ease and 

extent of usability is wide. Obviously they are preferred because of their specific physic-

chemical properties and easy availability. However, many of them have serious disadvantages 

like negative environmental impact, bio-incompatibility and toxicity. Many of the organic 

solvents are volatile (results in atmospheric pollution) and flammable. Among the organic 

solvents, chlorinated solvents are quite popular in use in the laboratories and a recent review 

by Jordan et al. has highlighted their advantages, disadvantages.14 They also highlighted 

alternatives of chlorinated solvents. All the disadvantages set the foundation for the 

development of green chemistry15-17 and a need for green solvents. Of course, the best 

alternative to these solvents is not to use solvents at all or to minimise its use or use innocuous 

solvent according principle 5 of green chemistry.18 However, the development of solvent-free 
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chemistry or solvent-free synthesis (mechanochemistry) is still in infancy or limited to some 

synthetic procedures.19-22 Worst still, many reaction do not proceed at all in the absence of the 

solvents. The use of microwave reactor and ball mill enhances the rate of chemical reactions 

but they are not in widespread use.15,23-26 This makes the future of solvent-free synthetic era 

uncertain. Keeping in mind the drawbacks of conventional solvents, many alternatives have 

been developed. However, these alternative solvents too have challenges and drawbacks, which 

will be briefly discussed below.          

Supercritical fluids (e.g. supercritical water and supercritical CO2) are a class of alternative 

solvents that is widely used in synthetic chemistry.27 In fact, Chemical Reviews has dedicated 

its second issue of volume 99 (1999) to supercritical fluids. Supercritical fluids are formed at 

temperature and pressure above its critical point where gaseous and liquid phases do not co-

exist.28 Intermolecular space in supercritical fluids is greater than that in normal liquids. 

Therefore, diffusion coefficient of solute is much higher in such systems. Also, the viscosity 

of supercritical fluids is lower than normal solvents. This makes it an ideal solvent for many 

applications. However, the handling of supercritical fluids require sophisticated instruments 

that makes its use “impractical” in day to day usage in laboratory and other applications.   

Ionic liquids (ILs) are another class of alternative solvents which has gained tremendous 

attention and popularity in the last 3/4 decades. Earlier, ILs were expected to be go-to solvent 

for any application.29 ILs indeed found many applications such as in chemical industry.30 

However, there are concerns regarding toxicity, biocompatibility and biodegradability of ILs. 

Besides this, ILs are quite costly. Therefore, ILs may not be answer to the call for green and 

sustainable alternative solvents. Kunz et al. has asserted that ILs are not as promising as hyped 

by huge number of publications.31 Nevertheless, ILs are finding applications in some specific 

area such as in lubrication etc.32    

In recent years, DES has emerged as another alternative media. DESs have been touted as 

“Green Solvents” and presents several advantages over conventional and other alternative 

solvents. A quick search in “Scopus” with the term/phrase “deep eutectic solvent” gives an 

idea about the rapid progress in DESs based research activity. Figure 1.1 shows the number of 

publications/documents over the years which shows almost an exponential growth most of 

which have been published in the last 5-6 years. With the current rate of intense research on 

related to DESs, this class of alternative solvent will certainly find wider application than any 

other alternative solvents. DESs have been shown to resolve to the problem associated with 
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water sensitive reactions.33 First phrase of the abstract of a paper by Mamajanov et al. reads 

“Hold the water!” highlighting that DESs as the most non-aqueous solvent where the 

“structural integrity” of the nucleic acids is preserved.34  

 

Figure 1.1 Number of publications/documents returned in scopus search which totals to 4743, 

with the key word “Deep Eutectic Solvent” as on 24th February 2021 (1440 hours IST). 

Apart from exploring the applications and the physical science of DESs, DESs are now being 

linked to biological activity of the cell.35 Verpoorte and co-workers have attempted to find the 

link between living cells and natural deep eutectic solvents (NADES).35,36 Verpoorte argues 

that DES is the third phase in a living cells apart from lipid and water phase. This suggestion 

comes from the solubility experiment of variety of biomolecules and biopolymers in various 

DESs.36  

Personally I believe that the formation of NADES in the cells and body of some animals 

(especially cold blooded) could explain how they survive extremely cold environment. For 

example, mountain stone wētā (Hemideina maori), an insect endemic to New Zealand can 

survive in sub-zero temperatures during winter months.37 It can survive even though a large 

proportion of the water molecules in its body freezes.38 Study by Sinclair et al. has confirmed 

that in this insect, intracellular freezing is avoided.38 Perhaps formation of NADES by various 

molecules present in their cytoplasm prevents complete freezing of the fluid in the body of this 

insect to facilitate minimum metabolism for survival. A perspective by Gertrudes et al. has 

summarized the studies on how animals survive huge temperature variation39 and relation with 

NADES which also somewhat backs up what I believe in the case of wētā. Certainly further 

studies are required to confirm angle of NADES formation that contributes to the survival of 

species.     
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1.2 Deep Eutectic Solvents (DESs)  

The term “Deep Eutectic Solvents” was first used by Abbott et al. in 2003 to describe the 

eutectic mixtures of quaternary ammonium salts and amides which were liquid at ambient 

condition/temperature.40 The most widely known eutectic mixture is that of choline chloride 

and urea at 1:2 mole ratio. The freezing point of this eutectic mixture is 12 °C which is very 

low (or deep) compared to the freezing points of the corresponding constituents, choline 

chloride (m.p 302 °C) and urea (m.p. 133 °C). And hence the term “Deep” is used instead of 

simply “Eutectic mixtures” or “Eutectic solvents”. However, there is no demarcation on the 

extent of freezing point depression below which a eutectic mixture can be termed as a “DES”. 

Figure 1.2 shows simple solid-liquid phase diagram for binary mixture and can be used to 

represent the phase diagram for DESs. Frequently ionic liquids (ILs) are compared with DESs 

(in terms of physical properties) and sometimes DESs itself is considered as a class of ionic 

liquids. However, they are different with ILs being pure compounds while DESs are mixtures. 

DESs has been defined as the eutectic mixture of Brønsted and Lewis acids and bases 

containing various anionic and/or cationic species.41 DESs are characterized by huge 

depression of freezing point and are usually liquid around room temperature. Since the 

depression of freezing point is inherent nature/characteristic of any mixture system, it is 

difficult but important to assign whether a mixture is DES or simply eutectic mixture. For this, 

Coutinho and co-workers have defined DES as the mixture of two or more pure compounds 

having melting/freezing temperature of eutectic point below that of an ideal mixture.42 It is also 

required that the depression of freezing point should render the mixture liquid state at operating 

temperature for a range of compositions. Although pure components of most of the DESs 

reported are solids, there are several DESs where one of the components is liquid.  

DESs or not? The development of DESs is strongly linked to synthesis of certain ILs. While 

ILs are salts which are liquid at temperatures below 100 °C and represents pure compounds, 

the practice of preparing room temperature ILs using the mixture of salts is not new. For 

example, Hurley et. al. in 1951 reported one of the first ILs which was the mixture of ethyl 

pyridinium bromide and aluminium chloride.43 ILs prepared by mixing 1-butyl-3-

methylimidazolium chloride and Fe(II) and Fe(III) salts is another example.44 Abbott’s own 

work in 200145 reported the synthesis of ‘moisture-stable’ ILs comprising the mixture of 

quaternary ammonium salts and metal salts and this ILs have now been classified as a type of 
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DESs. Of course these mixtures, previously presented as ILs are different from ILs we know 

that comprises large organic cation (imidazolium, pyridinium etc.) and inorganic anions 

(halides, BF3, PF6 etc). So there is a grey area in classifying or defining these mixtures as 

illustrated by an argument in the literature.46,47 The term “Deep Eutectic Solvents” was 

Christened with the introduction of a non-ionic molecule which acts as a hydrogen bond donor 

(HBD). Therefore, the presence of at least one non-ionic compound (preferably organic) in 

DESs makes it different from ILs prepared from mixing salts which solely consists of ionic 

species. Examples are mixtures of choline chloride with various organic molecules likes 

amides,40 carboxylic acids and alcohols.41 Most of the earlier generation of the DESs are mostly 

based on quaternary ammonium salts.41 Recently, Coutinho and co-workers has 

disputed/suggested that choline chloride is actually unable to form DESs with fatty acids or 

alcohols48 contrasting the report by Abbott el al. in which mixture of carboxylic acids and 

choline chloride was reported as DESs.49 Coutinho suggests that a complete phase diagram is 

necessary to assign whether a mixture is DES or simple eutectic mixture. I shall not delve into 

judging whether the mixed systems that I have studied or studied by others is DESs or not. This 

is beyond the scope of this thesis.    

 

Figure 1.2 Solid-liquid phase diagram of binary component mixture. 

 

1.2.1 Classification of DESs 

Over the years many DESs have been reported and with growth in the number, it becomes 

necessary to organise and classify these solvents. Smith et al. has classified DESs into four 

types (I, II, III and IV) according to the constituents.41 The general formula of DESs is given 

by   
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Cat+X−zY 

In the above formula, Cat+ is usually an organic cations like ammonium, phosphonium etc. 

and  X− is a Lewis base (e.g. halide ions). Y is either Lewis or Brønsted acid and z is the number 

of Y interacting with X− to form the complex.  

Type I DESs are formed when Y is a metal chloride (MClx). Examples include mixtures of 

dialkylimidazolium chloride with aluminium chloride, iron chloride [Fe(II) and Fe(III)] and 

gold chloride.44,45,50-52 

Type II DESs are formed if Y is hydrated metal chloride or metal chloride having water of 

crystallization. Anhydrous metal salts generally have high melting point and therefore the use 

of hydrated metal salts, which have relatively lower melting temperature, can be used to 

prepare DESs. Therefore Type II DES is just an extension of Type I DESs. Example include 

eutectic mixture of choline chloride and chromium (III) chloride.53  

Type III DESs are the most popular among all as it is metal free, easy to prepare, stable to 

moisture and some are biodegradable. This type of DESs could be highly desirable for metal-

free chemical synthesis and processes. Also, metal free DESs are important for few other 

reasons well described the Perspective by Gurkan et al.54 Type III DESs are cost effective as 

most of the components are cheaply available. In Type III DESs, Y is a hydrogen bond donor 

(HBD). Common HBDs are amides, carboxylic acids, alcohols etc.41 Carbohydrates like 

glucose, fructose have also been known to form DESs.55-57 Given the huge availability of HBDs 

(some are naturally available), DESs with wide range of properties can be prepared. 

Interestingly, some of the choline chloride based Type III DESs are able dissolve variety of 

molecules like amino acids, metal salts and metal oxides.40,58  

Type IV DESs are mixture of metal chlorides (MClx) and amides/alcohols. Unlike Type I, II 

and III, the cation in this DES type is a metal ion. There are only limited metal ions available 

for this type of DESs. Examples are eutectic mixtures of ZnCl2 with amides (urea and 

acetamide) and alcohols (ethylene glycol and hexanediol).59 Recently, Hammond et al. have 

reported DESs synthesized from lanthanide nitrate hydrates and urea.60 Since heavy atoms are 

involved in these DESs, the density is quite high (>1.7 gcm-3).  

Type V DESs have been introduced recently by Coutinho and co-workers.61,62 These are phenol 

or phenolic compound based DESs and are non-ionic and hydrophobic in nature. Type V DESs 

are formed because of resonance effect and subsequent hydrogen bond formation by phenolic 
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OH with other component. Examples in this category includes mixture of thymol and menthol. 

Eutectic mixture of salol and lidocaine63 was known before type V was established as a class 

of DESs.  

1.2.2 Hydrophobic and non-ionic DESs  

Type I, II, III and IV DESs are ionic and therefore, most of them are water soluble and 

hygroscopic. Because of this, the use of these DESs becomes limited only to certain 

applications. Of course, Type V DESs are hydrophobic and non-ionic but only a handful of 

them are known. Few hydrophobic DESs were reported before Type V DESs was introduced 

formally. There has been an impressive progress in field of hydrophobic DESs in last few 

years.64,65 One may ask why are they important?  The importance of hydrophobic DESs can be 

understood from the viewpoint of green chemistry. For example, many of the organic 

compounds are soluble only in organic solvents, which are mostly not environment friendly. 

Same is true for the extraction and separation of important hydrophobic molecules from the 

mixture. Under such circumstances, water, which is the greenest solvent, is rendered useless. 

Hence, green hydrophobic solvents are highly desirable. Applications of hydrophobic DESs in 

the upcoming section highlights its importance. Kroon and co-workers in 2015 reported the 

first ever hydrophobic DESs based on quaternary ammonium salts (and therefore ionic) with 

long alkyl chains and decanoic acid (it is Type III DESs).66 In the same year, Marrucho and co-

workers reported hydrophobic eutectic solvents based on menthol and carboxylic acids with 

low viscosity.67 Both the works highlighted the excellent extraction ability of these solvents 

from aqueous solutions containing dissolved solutes. In the subsequent years, many 

hydrophobic DESs have been reported.64,65 In general, viscosities of hydrophobic DESs have 

been found to be relatively less compared to other DESs.  

1.3 General Properties of DESs 

1.3.1 Non-Toxicity 

One of the properties of an ideal green solvent is that it should be non-toxic. DESs have been 

touted as a green and biocompatible solvents probably because the constituents are usually 

benign. There are exception like ethylene glycol which is inherently toxic.68,69 However, very 

few studies have been dedicated to this topic. Although incorporation of bacteria into the DESs 

was achieved in 2010 by freeze drying method.70 Hayyan et al. in 2013 first reported the study 

of toxicity and cytotoxicity of choline chloride based DESs on bacteria and found that DESs 

have no toxic effect on them, but the cytotoxicity was higher than the aqueous solution of the 
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individual components.71 However, study by the same group found that phosphonium based 

DESs have significant toxic effect on bacteria.72 These studies have concluded that the charge 

delocalization through hydrogen bonding might contribute to the toxicity of the resulting DESs. 

Juneidi et al. extended the toxicity study to other living organisms (fungi and fish) and found 

that toxicity depends on the constituents of DESs.73 They also found Type III DESs are least 

toxic while Type I DESs are most toxic. Most of the DESs showed biodegradability in water. 

Macário et al. further extended the study of cytotoxicity of quaternary ammonium based DESs 

on human skin cells and got mixed results.74 Some of the DESs were compatible to human skin 

cells opening the possibility of DESs being used in cosmetic products. From these results, it 

cannot be concluded that DESs in general is non-toxic. Halder et al. suggested that least toxicity 

is offered by sugar alcohols and straight chain alcohols as hydrogen bond donors.75 Yang has 

nicely summarised the toxicity and biodegradability of DESs in his book chapter.76   

1.3.2 Stoichiometry 

The mole fraction of the constituents certainly plays a crucial role in the formation of DESs. In 

the case of binary mixtures, 1:2, 1:1, 1:1.5 or 1:3 are common. So definitely a question arises 

whether a complex of specific stoichiometry is formed in DESs, especially if one of the 

constituents is a non-ionic hydrogen bond donor. Earlier, it was assumed that a complex of 

specific stoichiometry is formed as a result of which DESs are formed.77 This is intuitive as 

eutectic point of many reported DESs are at above mentioned mole ratio. Alizadeh et al. studied 

the effect of composition on the structure of DESs of choline chloride and ethylene glycol using 

Ab Initio molecular dynamics (MD) simulation.78 They found that changing the mole fraction 

results in the change in the rigidity of the hydrogen bond network. At some mole fraction, 

hydrogen bond network is flexible and the authors have speculated that this could be the reason 

for lower melting point at a particular mole fraction.  

1.3.3 Viscosity 

Viscosity is very important property of a solvent and it dictates the possibility of finding the 

application. In general, the viscosity of DESs are relatively higher compared to conventional 

solvents and are comparable to that of ILs. Of course it depends on the constituents. There are 

many non-ionic hydrophobic DESs (mainly terpene and carboxylic acid based) for which 

viscosity is very low compared to ionic DESs.41,64,67,77,79 Viscosity could be a reflection of the 

magnitude of interactions between the constituents and best explained if one of the constituents 

is liquid. For example, DESs comprising of choline chloride and liquid alcohols such as 
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ethylene glycol and glycerol which act as hydrogen bond donor. The viscosity of DES of 

choline chloride and ethylene glycol is more than that of pure ethylene glycol itself whereas 

the viscosity of DES of choline chloride and glycerol is less than that of pure glycerol. These 

opposite results tells us that in some cases, the interspecies/intermolecular interaction may 

become weaker or stronger compared to that in pure components.80-85 It is thought that in the 

case of ethylene glycol, new hydrogen bonds are formed which are stronger than intra and inter 

molecular hydrogen bonds in ethylene glycol molecules.    

 Abbott et al. has presented the application of hole theory for designing ionic liquids and 

DESs.86-88 According to hole theory, holes (which are voids or empty spaces) are present in a 

molten ionic compounds or molecular liquids. The holes are of various sizes and are in constant 

flux. For the liquid to have good fluidity, the size of the diffusing ions or molecules must be 

relatively small or comparable to that hole. Since hole size is related to the surface tension of 

the liquid, holes with large size can be obtained by preparing liquid with low surface tension. 

This can be achieved by using long chain alky moieties.    

1.3.4 Polarity 

Polarity is probably the most important property of a solvent after viscosity. Polarity of the 

DESs have been (qualitatively) assessed with electronic spectroscopies (absorption and 

fluorescence spectroscopy). Absorption spectra of Reichardt’s dye (betaine dye 30) has been 

extensively used to qualitatively assess the polarity of solvents.89,90 Betaine dye shows negative 

solvatochromism resulting in large red shift of the absorption spectra with decreasing polarity. 

Using absorption maximum of this dye, ET(30) polarity scale is constructed and more often 

normalized (ET
N(30)) scale is used taking water as the most polar (ET

N=1) and tetramethylsilane 

as the least polar (ET
N=0) medium. A comparison of polarities of some of the normal solvents, 

ILs and DESs can be found in reference 91. Abbott et al. found ET
N to be >0.8 for choline 

chloride and glycerol mixtures.92 Pandey et. al. also assessed the polarity of choline-chloride 

based DESs and found ET
N to be about 0.8 which makes choline chloride based DESs quite 

polar.93 They found the DESs containing alcohols as HBDs are slightly polar compared to 

HBDs of other functionalities (carboxylic and amide). Florinda et al. has also studied polarity 

of both hydrophilic and hydrophobic DESs.94 Surprisingly, it was found that even for 

hydrophobic DESs based on menthol and quaternary ammonium salt, ET
Nvalues were quite high 

(0.65-0.74) indicating polar nature. Overall, ET
N(30) scale shows DESs are polar compared 

to common solvents.89  
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1.3.5 Density 

Density is another important property of any material and gives qualitative idea as to how good 

the packing is among the constituent molecules. Most of the DESs have densities (>1.1 gcm-3) 

higher than water and most of the other common solvents.77 As expected, densities of 

lanthanide based DESs are quite high as mentioned earlier.60  

1.4 Mixture of DESs and Common Solvents 

It is important to discuss the mixture of DES and common solvent although there is no study 

of the said system in the present thesis. ILs have also been studied in the presence of other 

conventional solvents.95 There are at least two reasons to study and understand the mixture of 

a DES and a common conventional solvent. First, many of the DESs (particular one with the 

ionic components) are quite hygroscopic in nature and naturally water will almost be present 

in the system when exposed to the atmosphere. Second, barring few, the viscosity of DESs in 

general is very high compared to conventional solvents. This will pose major problem for DESs 

to be used as solvent in many applications. For example, in the application of DESs as 

extraction media, if the viscosity of the solvent is high, mass transfer to solvent becomes 

difficult. Also, solute dissolution might be challenging if the viscosity is high in certain 

applications. Problem associated with the dissolution might be solved to some extent by raising 

the temperature. This, however, might not be good solution for the samples sensitive to high 

temperatures. There are several reports where researchers have resorted to addition of certain 

quantity of other conventional solvents, thereby reducing the viscosity, and still reaping the 

benefits of DESs. Common conventional solvents like water, ethanol and DMSO can be added 

depending upon the requirement. Water is preferable when it comes to working with the 

biological molecules like proteins and DNA. Needless to say, water is “The Green Solvent” 

and therefore preferable over other solvents. Duan et al. added small amount of water to DES 

to reduce viscosity (and also probably to further lower the freezing temperature of the mixture) 

for the extraction of various bioactive natural products.96 With the addition of conventional 

solvent a natural question arises that is, does DES remains as DES or becomes solution of the 

constituent components? And how does the structure and properties of DES change or affected? 

There are few reports that suggests that the structure (and therefore interaction) of DESs remain 

unaffected or retained in presence of additional solvents up to certain concentration. Hammond 

et al. studied the evolution of structure of urea and choline chloride DES at various degree of 
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hydration using neutron scattering and empirical potential structure refinement.97 It was found 

that even very small amount of water does alter the structure of DES. However, the 

nanostructures of the DES is retained despite the presence of water up to certain concentration. 

They also studied malic acid and choline chloride DES in presence of water using neutron 

scattering and quasi elastic neutron scattering (QENS) and found that the DES structure is 

retained under hydrated condition.98 Other experiments99 and simulations100,101 also points 

toward the presence of cluster formation or segregation of water molecules up to certain 

concentration at least for choline based DES. A review by Ma et al. has nicely summarized the 

effect of adding water in ILs as well as DESs.102  

1.5 DESs vs Ionic Liquids: Which is better? 

As DESs and ILs share many similar properties, they are often compared.103 ILs have been 

known for a long time and the related studies are still active. DESs have been known only for 

less than two decades and only in the past 6-8 years, the research interest has increased 

significantly. These two classes of solvents share many similar physical properties.103 Both of 

them have lower vapour pressure which makes them environment friendly. However, DESs 

are easy to prepare and cost effective.40 ILs synthesis is much more complex involving multi-

steps and requires purification.31,103 On top of this, many of the starting materials are costly. 

Because of this, use of ILs becomes economically unviable on a large scale basis. For DESs, 

purification and separation are not required at the end. Also, many of the raw materials are 

relatively cheaper and are naturally available. Toxicity has already been addressed in earlier 

section, but one can choose environmentally and biologically benign starting materials to make 

DESs have less negative impact on the environment.  

1.6 Preparation Methods of DESs 

DESs were first prepared by heating method,40 which is the most widely used method as of 

now. Heating method is not desirable as in some cases, it leads to unwanted side reactions. 

Florindo et al. found that heating method leads to side products when preparing DESs of 

choline chloride and carboxylic acids. To overcome this issue, grinding method has been 

developed.104 Subsequently, several other unconventional methods have been developed in 

recent times to prepare DESs which are summarized below. 

a. Heating40 

b. Grinding104 

c. Freeze-drying105 
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d. Vacuum evaporation method106 

e. Twin screw extrusion method107 

f. Microwave irradiation method108 

g. Ultrasound-assisted method108 

1.7 Applications of DESs 

DESs find a wide range of applications including as a reaction media,77,109 material synthesis,77 

battery recycling,110 metal processing,41 metal plating,41 CO2 capture,41, 111 extraction media112 

and media for biotransformations.77 Although DESs emerged as new type of solvent in early 

2000,40 however its potential as a versatile solvent has only been realized in the past decade 

(figure 1.1). There are number of reviews summarizing various aspects of 

DESs.41,42,64,65,77,91,113,114 Few of the application of DESs will be discussed briefly in this section 

to highlight, realize and appreciate the importance of these solvents in the present and the 

future. Many other important applications related to CO2 capture, metal plating and other 

miscellaneous will not be covered in the discussion.  

1.7.1 Extraction Media 

DESs have huge potential as extraction media of important molecules.112 This is reflected in a 

number of reports with promising results for various applications. Some of the important 

extraction processes are briefly discussed below.   

Extraction-Desulphurization. Organosulphurs present in the fuels are a major concern as it 

produces sulphur dioxide upon combustion, which is one of the main culprits of the pollution. 

Therefore huge emphasis is given to desulphurization of fuel. However, traditional methods 

are not efficient in terms of cost and energy.115 Recently, the use of DESs as desuphurization 

medium has gained momentum and this class of solvent have been shown to be quite effective 

and efficient in extraction-desulphurization of model fuels.116 For example, Li et al. showed 

that DES comprising of formic acid and tetrabutyl ammonium bromide is effective in removing 

sulphur compounds (thiophenes) from model fuel.117 Several other works have also shown that 

DESs is effective and efficient in the extraction-desulphurization118-121 compared to traditional 

methods.115 

Metal Extraction/Removal. Heavy metal contamination of water could be health and 

environmental risks. On the other hand, some metals are valuable and economically important. 

Therefore, recovery or extraction of metals from water becomes important. In this context, 
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DESs have been shown to be efficient.122-125 DESs have shown to efficiently remove cadmium 

from rice flour.126 Recently, an enhancement in the lithium extraction method was reported by 

a “synergistic” DES (binary mixture) from a solution containing sodium and potassium ions.127  

In synergistic DESs, both the components of DES are involved in complex formation with the 

metal ion and thereby, enhances the extraction. Exploring DESs for metal extraction/removal 

application is still an ongoing field and DESs may play a major role in future. 

Bioactive molecule extraction. Extraction of biologically active molecules from various 

sources is crucial to food, cosmetic and pharmaceutical industries.128 Several methods of 

extraction exists including solvent extraction which uses organic solvents.128 Depending upon 

the polarity of the bioactive molecule, either hydrophilic or hydrophobic DESs have been used 

for extraction.96 Nam et al. in 2015 reported enhanced extraction of flavonoid from biomass 

using proline/glycerol DES.129 They also observed that the efficiency of DES is better than 

methanol as extraction media. Similarly, Cao et al. employed hydrophobic DES to extract 

Artemisinin, a very important drug against malaria, from Artemisia annua leaves.130 In this 

case too, extraction efficiency of DES was found to better than conventional petroleum ether. 

Recently, Cao et al. has developed two-phase solvent system using hydrophilic and 

hydrophobic DESs for simultaneous extraction of bioactive compounds.131 This is helpful if 

biomass contains several bioactive molecules. Depending upon the polarities of bioactive 

molecules, they can be simultaneously extracted using two-phase solvent system.      

Water Purification. The ability of DESs to extract/remove metals and bio-molecules from 

aqueous solution can be used to clean water. Water pollution is a major concern globally and 

pollution due to micropollutants are increasingly worrisome.132 Micropollutants from various 

sources end up in the water bodies most of the time and if wastewater is not treated properly, 

level of micropollutants in water bodies will reach to a toxic level. Therefore, purification of 

water contaminated with micropollutants is necessary for health and environmental point of 

view.133 In this context, Marrucho and co-workers have reported the extraction of selected 

micropollutants from water using hydrophobic DESs resulting in a cleaner water.134-136 They 

also regenerated the DES by activated charcoal treatment for sustainable use.134  

1.7.2 Reaction Media 

Organic synthesis. The biggest success DESs can achieve will be its extensive use in organic 

chemistry and in chemistry in general as a solvent replacing conventional organic solvents. Use 

of DESs in organic synthesis is gradually growing.91,137 Shankarling and co-workers in 2010 



15 
 

used DES for efficient bromination of 1-aminoanthra-9,10-quinone.138 The same group also 

carried out Perkin reaction in DES in mild condition without using catalyst and yet, yield was 

better.139 Marullo et al. investigated Diels-Alder reaction in various DESs in which ultrasound 

was used to promote the reaction. It was found that the yield of product was better than in 

conventional solvents.140 

Nanoparticle and materials synthesis. DESs are proving to be important solvent in the 

synthesis of nanomaterials.141,142 Liao et al. have reported shape controlled synthesis of star-

shaped gold nanoparticles in DES.143 Also, they were able to tune shape as well as size by 

changing the amount of water content in DES. Recently, Exposito et al. reported sustainable 

synthesis CeO2 nanoparticle in choline chloride/urea DES.144 

1.7.3 Bio-fuel Production 

In the production of bio-fuels like ethanol, effective pretreatment is essential for economic 

viability and sustainability.145 Pretreatment involves the conversion of biomass to a simpler 

form and therefore enables the hydrolysis of biopolymers like cellulose by enzymes. Sugars 

obtained from the hydrolysis is used to produce ethanol via fermentation. DESs have shown 

excellent capability in the pretreatment of biomass.146-148 Biomass contains other polymers like 

lignin which hinders the efficiency of the bio-fuel production145 needs to be removed to 

increase the efficiency. Once the pretreatment is complete, DESs is usually washed to avoid its 

impact on enzymes and microbes used for fermentation.146,147 However, Xu et al. showed 

certain DESs are compatible with hydrolytic enzymes and microbe used for fermentation.148 

This further increases the sustainability of bio-fuel production.  

1.8 Proteins and Enzymes in DES 

Proteins are bio-macromolecules made up of amino acids that are primarily stable in water and 

buffer solutions.149 Because of this, applications of many important enzymes are limited to 

water and buffer solutions. In the past decade, several reports have emerged indicating that 

proteins retain its structure and function in certain hydrated and non-hydrated DESs. In some 

cases, proteins were found to be more stable in hydrated DESs than the pure DESs. In some 

DESs, hydrogen bond donors like urea are present which beyond certain concentration 

denatures proteins. Despite this anticipation, Gorke et al. in 2008 showed hydrolase-catalyzed 

biotransformation of ethyl valerate to butyl valerate (transesterification) in choline 

chloride/glycerol DESs.150 Since then, similar biotransformations in DESs have already been 

reported151-153 and these enzyme catalysed reactions show that enzymes and proteins retain the 
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activity in a solvent other than water. However, there was a lack of understanding about the 

conditions in which these proteins retain its structure and function. Nardecchia et al. studied 

the phase behaviour of synthetic protein in DES composed of urea and choline chloride and 

found that DES stabilized the collapsed state of the protein.154 Esquembre et al. studied thermal 

folding of lysozyme in DESs (choline chloride and urea/glycerol).155 Secondary and tertiary 

structure of lysozyme remained intact in pure DESs at room temperature. However, protein’s 

thermal stability as well as folding reversibility decreased in pure DESs. In hydrated DESs, 

reversibility of lysozyme activity is recovered. Zeng et al. showed that DES based aqueous 

two-phase system is a potential media for protein extraction using bovine serum albumin (BSA) 

although they could not ‘back-extract’ protein from DESs.156 Sanchez-Fernandez et al. studied 

conformation of proteins (BSA and lysozyme) in DES and mixture of DES and water.157 This 

study found that secondary structure of the proteins is minimally affected on solvent transition 

from buffer to DES. It was also found that although protein folding is similar in both buffer 

and DES/water mixture (up to 75 wt% of DES), in pure DESs, BSA denatured irreversibly 

when heated to 80 °C. Apart from proteins, other bio-macromolecules like DNA and RNA are 

also known to retain functional abilities in DESs34,158 which will not be discussed here.  

1.9 Heterogeneity 

The concept of heterogeneity has long been associated with glass forming liquids (like ortho 

terphenyl and glycerol),159,160 polymers,161,162 ionic liquids,163-166 and binary mixture167,168. 

DESs have also been shown to be heterogeneous as discussed in the next section and therefore 

warrants a brief discussion about heterogeneity in the present thesis. General meaning of the 

term “Heterogeneity” is the distribution or diversity or non-uniformity of some quantity or 

property. Common solvents as we understand are said to be homogeneous as the properties 

(such as viscosity, diffusion coefficient, density, polarity etc.) measured in any region (with 

length scale larger than the molecular dimension) in space are same. Intuitively, these 

properties should be invariant to the region where it is measured. Surprisingly, the same is not 

true for some liquid families and even few common solvents like water169,170 at supercooled 

state, even though they appear to be homogeneous. In the context of some ILs, it is easier to 

understand what the heterogeneity is? In many ILs, because of the presence of ions as well as 

long alkyl chains, polar and non-polar domains are formed.163,171 This is an example of 

heterogeneity due to environment. The study of dynamics in supercooled liquids and glasses 

led to the idea of heterogeneity due to dynamics and this has been excellently reviewed by 

Ediger172 and Richert173 (After these two reviews, there have been so many publications in 
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regards to heterogeneity, both experimental and non-experimental (theory and simulation). 

Therefore, I feel it is high time to review and revise the topic once again). Therefore, in the 

case of supercooled liquids, heterogeneity arises because of different dynamics. It has been 

recognized that the difference in dynamics is the outcome of structural or spatial heterogeneity. 

As a result, the terms “Spatial Heterogeneity”, “Dynamic Heterogeneity”, “Spatially 

Heterogeneous Dynamics”, “Heterogeneous Dynamics” and “Temporal Heterogeneity” found 

are often used interchangeably. The term “Temporal Heterogeneity” was used by Kaufman and 

co-workers to account for the evolution or change in the dynamics of a specific spatial region 

over time.174 The idea of heterogeneous dynamics arose from the observation of the non-

exponential relaxation processes (following perturbation) in bulk experiments.172,173 The 

correlation or relaxation functions associated with the molecular motions (such as translation, 

rotation or reorientation etc.) becomes non-exponential in nature as the glass transition 

temperature is approached. This non-exponential relaxation can often be described by stretched 

exponential or Kohlrausch–Williams–Watts (KWW) function 

 𝐶(𝑡) ≈ exp[−(𝑡/𝜏)𝛽],   <1 1.1 

This implies that there is a distribution of relaxation times. The observation of non-exponential 

decay can be explained by taking two extreme scenarios of the relaxation processes. In the first 

scenario, one can think of system relaxing intrinsically non-exponentially with the same rate 

in all the different locations of space. This situation indicates dynamic homogeneity. The other 

scenario is where the system is relaxing exponentially at different rates at different regions in 

space. This situation is dynamic heterogeneity. Most of the experiments support latter 

explanation for observation of non-exponential relaxation i.e. dynamic heterogeneity.159,160,172-

178 In fact Weeks et al. made direct imaging of structural relaxation using confocal microscope 

colloids.179 Single-molecule and ensemble average experiments by Zondervan et al. also points 

towards heterogeneity.180 Theoretical/simulation studies predict that the dynamics of nearby 

domains could differ by orders of magnitude.172,173 As mentioned earlier, the terms dynamic 

heterogeneity and spatial heterogeneity are often used interchangeably and they represent the 

same phenomenon. However, it has been observed that the rate of relaxation of a particular 

region evolves with time (Temporal Heterogenegity).159,174,181 That means a region represented 

by A is relaxing with a rate x and after some time, the same region relax at the rate y or we can 

say continuous transition of mobile region to immobile or less mobile region and vice-versa 

(inter-domain fluctuation). Therefore the term dynamic heterogeneity (apart from temporal 

heterogeneity) is particularly used by some to encompass this fluctuation of rate of relaxation 
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apart from spatial distribution of relaxation times.182 If the time required for a region to evolve 

is very long i.e. if the exchange rate is slow, then the heterogeneity is static (static 

heterogeneity). The fluctuation must occur because of ergodic nature of supercooled liquids.181 

1.9.1 Spatial Heterogeneity with Excitation Wavelength Dependence.  

Red edge excitation shift (REES) is the red shift of fluorescence emission band upon excitation 

of the fluorophore at red edge of its absorption spectra.183 REES is generally observed for 

viscous solvent usually at very low temperatures and known among spectroscopy community 

for a long time.184-186 REES can be understood by comparing the lifetime of the fluorophore( 

𝜏𝑓) and the solvent relaxation time (𝜏𝑠). In a viscous liquid where the solvent relaxation is 

relatively slow (𝜏𝑓<𝜏𝑠), fluorophores have different configurations of solvent molecules that 

leads to the distribution of solvated states and some of the fluorophores have solvent 

configuration similar to that of a relaxed state. Therefore, the excitation at the red edge of the 

absorption band excites only those fluorophores with lower transition energy. Since the solvent 

relaxation is slower compared to the fluorescence lifetime, the configuration of the solvent 

molecules persists during the fluorescence lifetime. Therefore, the emission is red shifted. This 

simple technique has been exploited regularly for assessing the heterogeneity in solvents. 

Samanta and co-workers first observed REES in ILs165,187 which they attributed to spatial 

heterogeneity. MD simulation by Hu et al. has confirmed the origin of REES as dynamic 

heterogeneity.166 REES has also been observed in some DESs which shall be discussed in later 

section. 

1.9.2 Heterogeneity and Viscosity Decoupling  

Stokes Einstein (SE) and Stokes Einstein Debye (SED) equations relates diffusion coefficient, 

which is a microscopic property, to the viscosity, which is the bulk macroscopic property.188 

SE and SED relations are for translational and rotational diffusions, respectively. In 

supercooled liquids the dynamics have been found to be fractional power dependent on the 

temperature reduced viscosity and original SE and SED relations are not 

applicable.169,170,172,173,188,189,190 According to SE or SED relation, diffusion coefficient is 

related to viscosity and temperature by following relation,188 

 𝐷 ∝
𝑇

𝜂
 1.2 

As mentioned above, in many cases, including supercooled liquids, the relationship is best 

described by169,170,172,173,191  



19 
 

 𝐷𝑇𝑟𝑎𝑛𝑠 ∝ (
𝑇

𝜂
)
𝑝

 1.3 

where p1. This means that the dynamics (translation, rotation etc.) are decoupled from the 

viscosity. This decoupling of dynamics is indicative of the presence of dynamics heterogeneity. 

Although the “decoupling” has been used in the literature for the departure of diffusion from 

SE prediction, it does not mean that the diffusion is completely independent of viscosity, rather 

it is differently coupled. 

Most studies on dynamic heterogeneity began with supercooled liquids near glass transition 

where the viscosity is very high and characteristic relaxation times are in the range of 10-3 to 

103 s.192 Using solvation dynamics, Richert and co-workers showed that the heterogeneous 

dynamics is present in a glass forming liquid at temperatures much higher than the glass 

transition temperature.192,193 At high temperatures, the viscosity of the liquid is low and 

relaxation rate is faster. At some temperature, the time scale of the relaxation becomes 

comparable to the lifetime of the fluorophore and at this temperature, they observed broadening 

of the spectra which could only be explained in terms of heterogeneity. In DESs also, 

heterogeneity has been observed at high temperatures where the dynamics is a lot faster 

(discussed in the later section). The time scale associated with the dynamics like solvation, 

rotation and translation can be measured and compared with the bulk viscosity to assess the 

decoupling and subsequently, heterogeneity. In SE and SED relations, it is the diffusion 

coefficient that is related to the viscosity. But sometimes, diffusion coefficient is difficult to 

measure and rather, the time associated with a particular dynamics is easier to measure and 

these two are inversely proportional to each other.   

 𝜏𝑥 ∝
1

𝐷
 1.4 

And therefore, the following relation is usually analysed to ascertain the heterogeneity in literatures.  

 𝜏𝑥 ∝ (
𝜂

𝑇
)
𝑝

 1.5 

Above equation 1.5 is used to ascertain the extent of dynamic heterogeneity of a system.  

1.9.3 Analytical Derivation of Fractional Viscosity Dependence 

Experimental observation of fractional power dependence of solvation, rotational and 

translational dynamics in heterogeneous systems is believed to be the result of dynamic 

heterogeneity of the system as suggested by Tarjus et al.189 However a molecular level 
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understanding and physical interpretation is difficult to find in the literature. Towards this goal, 

Das et al. tried to give the physical interpretation of this assumption and gave an analytical 

expression to estimate dynamic heterogeneity.194 In this interpretation, it is assumed that the 

system is dynamically heterogeneous and the probe is preferentially distributed in some 

domains that are responsible for dynamic heterogeneity. That means each local domains has 

its own viscosity.  

Also, it is assumed that SE and SED relations are not violated within these domains. A 

visualization of this situation is given in figure 1.3 with domains represented by different 

shapes to denote different relaxation rates. For simplicity, only two micro-domains are which 

are different than the bulk region and they also are different from one another. The dynamics 

sensed by the probe in this different regions are different as depicted in the figure. 

 

Figure 1.3 Depiction of dynamically heterogeneous system with domains of different 

viscosities.  

If the probe is uniformly distributed in all the regions, the average relaxation time for any event 

is given by 

 𝜏𝑎𝑣𝑔 =
∑ 𝑥𝑖𝜏𝑖𝑖

𝑥𝑖
 1.6 

where 𝜏𝑖 is the relaxation rate in region ‘i’ and 𝑥𝑖 is the amplitude of the contribution of region 

‘i’. 

Similarly, the average viscosity is given by 

 𝜂𝑎𝑣𝑔 =
∑ 𝑥𝑖𝜂𝑖𝑖

𝑥𝑖
 1.7 

where 𝜂𝑖 is the viscosity of region ‘i’. 



21 
 

Combining the two preceding equations (1.6 and 1.7) with the assumption that SE or SED 

relation is valid in all the regions, we can rewrite the equation in terms of average quantities as 

 log[𝜏𝑎𝑣𝑔] = log [
𝜂𝑎𝑣𝑔

𝑇
]+C 1.8 

Thus a plot of log[𝜏𝑎𝑣𝑔] vs. log [
𝜂𝑎𝑣𝑔

𝑇
] will give a straight with slope of unity. In the present 

scenario 𝜂𝑎𝑣𝑔 is the same as 𝜂𝑏𝑢𝑙𝑘 as the probe is present in all the locations, and 𝜂𝑏𝑢𝑙𝑘 can be 

measured easily by a viscometer.  

However, as assumed, if the probe is preferentially distributed in the micro-domains over the 

bulk regions (i.e. the probes are only in green and blue regions in figure 1.3), then the average 

viscosity is given by    

 𝜂𝑎𝑣𝑔 =
𝑥1𝜂1 + 𝑥2𝜂2
𝑥1 + 𝑥2

= 𝜂𝜇 1.9 

This average is not equal to the bulk (𝜂𝑏𝑢𝑙𝑘) and has been termed as micro-viscosity (𝜂𝜇).  

Using equations 1.9 in equation 1.8, we get, 

 log[𝜏𝜇] = log (
𝜂𝑏𝑢𝑙𝑘
𝑇

+
𝑥3

(𝑥1 + 𝑥2)𝑇
(𝜂𝑏𝑢𝑙𝑘 − 𝜂3)) + 𝐶 1.10 

If the viscosity contribution from micro-domains in the above equation is negligible i.e. 𝜂𝑏𝑢𝑙𝑘 ≈

𝜂3, a plot of log[𝜏𝜇] vs log (
𝜂𝑏𝑢𝑙𝑘

𝑇
) will be a straight line with the slope of unity. I believe this to be the 

case in normal molecular liquids and therefore it apparently looks homogeneous. Equation 1.10 can be 

simplified as  

 log[𝜏𝜇] = log (
𝜂𝑏𝑢𝑙𝑘
𝑇

) + log (
𝜂𝜇

𝜂𝑏𝑢𝑙𝑘
) + 𝐶 1.11 

If the ratio 
𝜂𝜇

𝜂𝑏𝑢𝑙𝑘
 has same temperature dependence, equation 1.11 becomes analogous to 1.8 i.e. 

 log[𝜏𝜇] = log (
𝜂𝑏𝑢𝑙𝑘
𝑇

) + 𝐶 1.12 

Here also, viscosity decoupling is not observed. On the other hand if 
𝜂𝜇

𝜂𝑏𝑢𝑙𝑘
 has a different 

temperature dependence, a plot of log[𝜏𝜇] vs log (
𝜂𝑏𝑢𝑙𝑘

𝑇
) will not yield a straight line with unity slope. 

Further Das et al. considered that temperature dependent viscosity follows Arrhenius relation. 

 𝜂𝜇,𝑏𝑢𝑙𝑘 = 𝜂∞exp (
𝐸𝜇,𝑏𝑢𝑙𝑘

𝑅𝑇
) 1.13 
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Using equation 1.13 in 1.11, we get 

 log[𝜏𝜇] = log (
𝜂𝑏𝑢𝑙𝑘
𝑇

) + (
Δ𝐸

2.303𝑅𝑇
) + 𝐶 1.14 

where Δ𝐸 = 𝐸𝜇 − 𝐸𝑏𝑢𝑙𝑘. 

This equation predicts that as long as Δ𝐸 ≠ 0, the plot of log[𝜏𝜇] vs log (
𝜂𝑏𝑢𝑙𝑘

𝑇
) will not give a straight 

line with unity slope. Note here that Δ𝐸 value can be calculated if one measure temperature dependent 

bulk and micro-viscosity. 

Using equation 1.14, log[𝜏𝜇] can also be numerically calculated for given value of Δ𝐸 and 𝐶 over a 

range of temperatures. 𝜂𝑏𝑢𝑙𝑘 can be calculated for each temperature assuming Arrhenius relation 

(equation 1.13) for a given 𝐸𝑏𝑢𝑙𝑘. Finally, plot of 𝐿𝑜𝑔[𝜏𝜇] against 𝐿𝑜𝑔 (
𝜂𝑏𝑢𝑙𝑘

𝑇
) can be fitted with 

equation 1.5 to estimate/predict 𝑝. 

1.10 Structure and Dynamics of DESs – Literature survey 

While structure and dynamics of molecular solvents, ILs and supercooled liquids have been 

studied extensively for a long time, DESs have not been studied to a similar extent in spite of 

the tremendous importance of DESs. Using pulsed field gradient NMR, Abbott et al. have 

studied the self-diffusion properties of different components of DESs.195 It was found that 

choline cation in three DESs (choline chloride and urea/ethylene glycol/glycerol) diffuses 

slower that than the corresponding HBDs, which was found to be opposite in the DES with 

malonic acid as HBD. Also, the diffusion coefficient of the choline cation follow same 

correlation with the viscosity and temperature in the same three DESs except the one with 

malonic acid. This was attributed to the dimerization of malonic acid.  

Many ionic DESs are known to be dynamically heterogeneous,196-198 which has been 

recognized/established by observing the fractional power dependence of the diffusive 

molecular motions on solvent viscosity and temperature, that is, 1 𝐷⁄ ∝ (𝜂 𝑇⁄ )𝑝 with p < 1 as 

mentioned in the earlier section. 

Biswas and co-workers have been actively involved in the spectroscopic and simulation studies 

of DESs. The group first did fluorescence spectroscopic study of acetamide and 

sodium/potassium thiocyanates DES.196 Solvation and fluorescence anisotropy results showed 

that solvation and probe rotation times were found to have fractional power dependence on 

bulk viscosity i.e. p=0.46 for solvation and p=0.65. Similar decoupling of dynamics was found 

in molten mixture of acetamide and lithium salts.197 It is interesting to note that these 
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observations in DESs were found at temperatures much higher than their glass transition 

temperature. In these mixtures, excitation wavelength dependence of the fluorescence was 

observed. All these unusual results were attributed to solvent heterogeneity. Simulation study 

also indicates that heterogeneity is partly responsible for decoupling of the dynamics observed 

in these mixtures.199 Strangely, Maroncelli and co-workers found p1.2 for solvation200,201 and 

p1 for probe rotation200,202 in ILs. Biswas group for the first time reported the spectroscopic 

and simulation study of non-ionic DESs comprising of acetamide and urea.203,204 Probe rotation 

study using fluorescence anisotropy revealed that rotational diffusion of C153 adheres to SED 

relation.203 Simulation results also showed that mean squared displacement of the particles 

followed normal distribution.203 From these results it was concluded that non-ionic DESs might 

be dynamically homogeneous. However, Dielectric relaxation study of the same system found 

some degree of heterogeneity in this media.204 Recently, partial decoupling of probe rotation 

from medium viscosity in ternary DESs of glucose, urea and water was observed.205 This result 

indicates that the idea of non-ionic DESs being homogeneous cannot be generalized. Among 

non-ionic DESs, probably the difference lies in whether the system is associated (extensive H-

bond network) or non-associated.  

Samanta and co-workers also have studied DESs using various spectroscopic techniques. They 

studied translational diffusion of various fluorescent probes in various quaternary ammonium 

salt based DESs using fluorescence correlation spectroscopy (FCS).206 The probes in all the 

DESs was found to undergo anomalous diffusion that was attributed to dynamic heterogeneity. 

Samanta group also studied probe rotation using fluorescence anisotropy in these media.206 In 

these studies, different probe molecules were used which show different rotation behaviour, 

i.e. different extent of stick and slip boundary condition. This indicates that probe molecules 

reside in different environments where the interaction is different. The rotational diffusion time 

of the probe molecules in these media had fractional power dependence on the medium 

viscosity. The effect of alkyl chain length in the structure of DESs was also studied.207 First 

they investigated the effect of chain length of HBD (diols) as well as the position of hydroxyl 

groups. Position of hydroxyl group in the diols was found to have insignificant effect on the 

heterogeneity aspect of the solvent. However, chain length of HBD had significant effect on 

the DESs, which is reflected in the excitation wavelength dependence of emission maxima of 

2-amino-7-nitrofluorene (ANF), the magnitude of which increases with increasing chain 

length. This was attribution to spatial heterogeneity of the media that becomes pronounced 

with increase in the chain length of HBD. Similar result was obtained in the study of the effect 
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of alkyl chain length of cation (tetraalkylammonium bromide) i.e. heterogeneity becomes more 

pronounced with increasing alkyl chain length.208 Samanta group has also studied nature of 

solvent dynamics of tetraalkylammonium bromide and ethylene glycol based DESs where two 

time constant were observed.209 The fast time constant was found to be independent of medium 

viscosity and was attributed to ultrafast local dynamics. The slow time constant depended 

strongly on viscosity indicating diffusive motion as its origin. However, it is unclear how the 

slow time component arises from heterogeneous dynamical processes as mentioned in the 

conclusion.    

Gautam et al. suggested that N, N-diethyl ethanol ammonium chloride and urea DES is more 

heterogeneous compared to choline chloride urea DES by measuring fluorescence quantum 

yield and fluorescence lifetime of thioflavin T.210 A recent report by Cui et al. on a nonionic 

N-methyl acetamide/lauric acid DES suggests the presence of nanosegregation of polar and 

nonpolar domains.211 This nanosegregation is similar to that of micelles. In this sense, a eutectic 

mixture of N-methyl acetamide and lauric acid is “spatially heterogeneous,” which is a result 

of “environmental segregation” driven by hydrophobic and hydrophilic interactions. 

Structural organization of the molecules in DESs has garnered a lot of attention. Kashyap and 

co-workers have studied DESs using MD simulation. MD simulation studied x-ray and neutron 

scattering structures of DESs of amides and lithium perchlorate shows nanoscale spatial 

heterogeneity driven by the segregated domains of lithium and perchlorate ions.212 The group 

also studied ethaline (DES of choline chloride and ethylene glycol) with MD simulation and 

showed that there is competition between choline cation and ethylene glycol for hydrogen 

bonding with anion.81 Also, intra and inter molecular hydrogen bonding between ethylene 

glycol molecules was observed. The simulation study on effect of hydration of ethaline showed 

that nanostructure of DESs is retained up to 40 % of water.213 This finding is similar to that 

found for other DESs discussed earlier.97-102 In excess of water, ethylene glycol molecules were 

found to be segregated. These simulation findings have been backed up by neutron scattering 

study.  Percevault et al. has studied different classes of pure and hydrated DESs with small-

angle neutron scattering (SANS).214 First, SANS study of pure and hydrated ethaline has 

supported the findings of simulation by Kashyap group confirming the formation of segregated 

domains. The authors suggest that the ethylene glycol domain formation is driven by higher 

affinity of water molecules towards ionic species. SANS study of hydrated non-ionic DES of 

lactic acid and glycerol found no such segregation or domain formation. Finally SANS study 
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on hydrophobic DES of menthol and decanoic acid found micelle-like structures of small size 

of molecular scale.   

Using MD simulation, Srinivasan et al. has tried to explain large viscosity in acetamide and 

lithium salt based DESs.215 MD simulation shows that long range diffusion of acetamide is 

restricted as a result of formation of hydrogen bond complex of acetamide and ionic species. 

This complex formation leads to higher viscosity and forbids crystallization process which 

lowers the freezing point.   

1.11 Consequences of Heterogeneity on Chemistry 

A lot has been said and done about structure and dynamics solvent. However, it is often 

forgotten to ask “what is the importance of heterogeneity?” Solutions of surfactants forming 

micelles and reverse-micelles are heterogeneous although not like what has been discussed in 

this chapter. But these solutions containing molecular assemblies have been understood and 

have found numerous applications. As of now, little attention has been given to study the 

consequences of solvent heterogeneity on chemical and biological systems. There are no major 

studies on how does spatial and dynamic heterogeneity of the solvent impact a chemical 

reactions and processes. Perhaps the best way to understand the importance of heterogeneity is 

indirect approach with some examples for now. 

Simulation study by Pronk et al. have shown that dynamic heterogeneity has profound effect 

at the biological interface.216 At or near the interface, decoupling of viscosity and diffusion was 

observed although to the extent seen in supercooled liquids. Because of this, solutes like protein 

are expected to undergo relatively slow diffusion near the interface. Solvent heterogeneity has 

been shown to have effect on the interaction between nanoassembles.217 Shape-controlled of 

synthesis of nanoparticles in DES by Liao et al. suggests that heterogeneity of solvent play 

strong role in some applications.143 Also, solubilisation of certain moieties can be rendered by 

solvent heterogeneity. For Benay et al. has shown that metal ions are preferably solvated by 

methanol in a chloroform/methanol mixture although methanol is present only in small amount 

(10%), thus enabling the solubilisation in chloroform.218 Mellmer et al. has shown that the rate 

of reactivity (i.e. acid catalysed dehydration of some compound) is enhanced in the mixture of 

organic solvent and water which they have attributed to solvation of acidic protons of the 

reactants by water.219 
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1.12 Motivation of the Thesis Work/Outline of the present thesis 

Physical chemistry of DESs have been understood to some good extent as reflected in the 

literature survey in the earlier sections. However many properties, characteristics and 

applications are yet to be unravelled. Also, from the literature survey, it is not hard to realize 

that the future of DESs look bright and promising. Therefore, I ventured into area of DESs. In 

the present thesis, I have tried to understand structural and dynamical aspects of various DESs 

through fluorescence based spectroscopic techniques described in forthcoming chapters. For 

this, I have taken a non-ionic, a hydrophobic and an ionic DESs. To further the scope of DESs 

in the biological domain, I have also studied structure and conformational fluctuation of a 

protein in hydrated non-ionic DESs.  
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In this chapter, experimental techniques used in the present thesis are briefly discussed. I used 

steady-state absorption and emission, time-correlated single photon counting (TCSPC), 

fluorescence correlation spectroscopy (FCS), fluorescence up-conversion and transient 

absorption spectroscopy. Basic principle, instrumentation and data analysis of these 

spectroscopic techniques are described. Materials and methods pertaining to samples 

preparation are also discussed.   
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2.1 Steady-State Absorption and Emission 

Steady-state absorption spectra of the samples were measured in a commercial UV-Vis 

spectrophotometer (Shimadzu UV-2450, Japan) retrofitted with Peltier based temperature 

controller (TCC-100, Shimadzu, Japan). Steady-state fluorescence spectra were taken in a 

commercial spectrofluorimeter (Fluoromax-4, Horiba Jobin Yvon). Fluorescence emission 

spectra were corrected for wavelength dependent efficiency of the detector.  

2.2 Time-Resolved Fluorescence Measurement  

Time-resolved fluorescence measurement is an important technique in fluorescence 

spectroscopy and has several advantages over steady-state measurements. Fluorescence 

lifetime is the average amount time a fluorophore remains in the excited state.1 For example, 

fluorophores present in two different environments may not be resolved in the steady-state 

measurement because of the spectral overlap. However, time-resolved measurement may give 

insight into the difference in the environments by simply measuring the fluorescence lifetime. 

Fluorescence quenching study with steady-state spectra cannot distinguish whether the 

quenching is dynamic or static. On the other hand, from the fluorescence lifetime measurement, 

one can easily resolve this ambiguity.1 Time-resolved fluorescence measurements also provide 

invaluable information about the various dynamics of the system like solvent relaxation and 

solute rotation. While there are many time-resolved fluorescence techniques, most prominent 

techniques are Time-correlated Single Photon Counting (TCSPC) and Fluorescence Up-

conversion, which will be discussed in this section. These two techniques are different in terms 

of time-resolution and accessible time window. TCSPC has time resolution of about 100 

picoseconds while fluorescence up-conversion has a time resolution of about 100-300 fs.  

2.2.1 Time-Correlated Single Photon Counting (TCSPC) 

TCSPC is one of the most widely used techniques for time-resolved fluorescence 

measurements. There are dedicated books for this technique.2,3 This technique involves the 

measurement of arrival time, t, of the first detected photon for every pulsed excitation. The 

probability of detecting this single photon at time t is proportional to the fluorescence intensity 

at that time. Fluorescence is a random process and the photons are emitted from the various 

stages of relaxation from the Franck-Condon state. This results in the distribution of emitted 

photons in terms of time (decay). Collecting a large number of single photons following the 

excitation, fluorescence intensity decay is reconstructed.  
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Figure 2.1 shows the schematic of the TCSPC setup. In this technique, a light pulse excites the 

sample and the arrival time of the emitted photons are measured. A signal is fed to a constant 

function discriminator (CFD) at the same time when the samples is excited to mark the start of 

fluorescence event. CFD is used to increase the accuracy of the time measurement. CFD 

triggers time-to-amplitude converter (TAC) to ramps up the voltage in the capacitor. It is very 

important for voltage to increase linearly with time. Meanwhile, signal from detected 

fluorescence photons reaches CFD which in turn triggers TAC to stop the voltage ramp. 

Multichannel plate photomultiplier tube (MCP PMT) is used for single photon detection which 

are fed through monochromator (MC). Measurement of accurate arrival time of the photons is 

a challenge in TCSPC. Due to amplitude jitter of the detector and unstable light source, there 

is a distribution in the heights of the pulses reaching CFD. Because of this, there is a timing 

jitter which affects the instrument response function (IRF). CFD solves this problem by 

splitting the signal into two parts, where one part is delayed and other part is inverted. The two 

signals are finally combined and zero crossing point becomes independent of pulse amplitude. 

It is important to remember that at most only one photon is detected per excitation. Voltage 

ramp in the TAC is proportional to the arrival time excitation and emission signals. This voltage 

is amplified and is converted to a numerical value in the analog-to-digital convertor (ADC). 

This numerical value is stored and taken as a single event. This cycle of excitation and detection 

is repeated numerous times until a histogram of number of counts/photons with time 

information is obtained for sufficient precision. This histogram represents the measured 

intensity decay. For lifetime measurement, the emission polarizer is set in magic angle (54.9°) 

with respect to the excitation polarizer. In this thesis, a commercial TCSPC setup (LifeSpec II, 

Edinburgh Instruments, U.K.) has been used.4     

 

 

Figure 2.1 Schematic for Time-Correlated Single Photon Counting (TCSPC) setup. 



51 
 

 

2.2.2 Data Analysis 

In TCSPC, it is not possible to observe the true intensity decay law or impulse response 

function, I(t), which would have been the result of δ-function excitation or δ-function like 

instrument response function, IRF ( i.e. infinitely short pulse width). In reality, instrument 

response function has a finite temporal width and as a result, the observed data (decay) is the 

convolution with the IRF. Convolution is a mathematical operation on two functions that 

results in a new function. This new function captures the effect of the shape of one function on 

other, which is similar to cross-correlation. Mathematically, convolution is the integral of the 

product of the two functions.1,3,5    

 𝑓 ⊗ 𝑔 = ∫ 𝑓(𝜏)𝑔(𝑡 − 𝜏)𝑑𝜏

∞

−∞

= ∫ 𝑓(𝑡 − 𝜏)𝑔(𝜏)𝑑𝜏

∞

−∞

 2.1 

In the analysis of TCSPC data, IRF and actual decay represents these functions and the 

observed decay is the convolution of IRF and actual decay as mentioned earlier. Concept of 

convolution is used in TCSPC to analyse the data to get the actual decay. Excitation pulse can 

be thought of as a series or sum of δ-pulses 𝑃(𝑡) each resulting in an actual or true decay 𝐼(𝑡). 

The amplitude of the decay is proportional to the intensity of δ-pulse and the excitation at time 

𝑡𝑖is given by  

 𝐼(𝑡𝑖) = 𝑃(𝑡𝑖)𝐼(𝑡 − 𝑡𝑖) 2.2 

The measured decay 𝐼′(𝑡𝑖) is the sum over all the δ-pulse excitation responses for all times 

preceding 𝑡𝑖 given by 

 𝐼′(𝑡) = ∫𝑃(𝑡𝑖)𝐼(𝑡 − 𝑡𝑖)𝑑𝑡𝑖

𝑡

0

 2.3 

Deconvolution of the TCSPC data was achieved by iterative non-linear least square.1,3,5 In this 

method, a parameter that relates the experiment and calculated data point is minimized by 

iteration method to give the best possible value. Goodness of fit parameter 𝜒2 which is used to 

judge end result is given by1,3 

 𝜒2 =∑[
𝑁(𝑡𝑖) − 𝑁𝐶(𝑡𝑖)

𝜎𝑖
]

2𝑛

𝑖=1

 2.4 

where n is the number of data points (channels), 𝜎𝑖 is the standard deviation of the ith point, 

𝑁(𝑡𝑖) and 𝑁𝐶(𝑡𝑖) are measured and calculated decays, respectively. Above equation is 
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dependent on the number of data points taken and the number of fitting parameters. To 

overcome this dependence, reduced 𝜒2 is used, and is given by  

 𝜒𝑅
2 =

𝜒2

𝑛 − 𝑝
=
1

𝑣
∑[

𝑁(𝑡𝑖) − 𝑁𝐶(𝑡𝑖)

𝜎𝑖
]

2𝑛

𝑖=1

 2.5 

where 𝑣 is the number of degrees of freedom, 𝑛 is the number of data points and 𝑝 is number 

of floating parameters. For two exponentials fitting equation, 𝑝=3, i.e. two time constants and 

one amplitude. Since number of data points taken is usually high, 𝑛 ≈ 𝑣. Therefore 𝜒𝑅
2 has a 

value near unity as average 𝜒2 for each data point is nearly 1. Since the TCSPC measurement 

follows Poisson distribution, 𝜎𝑖~√𝑁(𝑡𝑖), the above equation becomes 

 𝜒𝑅
2 =

𝜒2

𝑛 − 𝑝
=
1

𝑣
∑

[𝑁(𝑡𝑖) − 𝑁𝐶(𝑡𝑖)]
2

𝑁(𝑡𝑖)

𝑛

𝑖=1

 2.6 

Deconvolution starts with the initial guess values of the time-constants and the corresponding 

amplitudes. For the given values, the expected decay is reconvoluted with IRF and is compared 

to the observed decay. Then the mathematical algorithm is used for the iteration, which 

continues until the values of the parameters are found for best fit. Fortunately, above analysis 

can easily be performed with commercial analysis software FAST provided with the 

instrument.  

2.2.3 Fluorescence Up-Conversion  

Fluorescence Up-Conversion is an ultrafast spectroscopic technique widely used to study 

ultrafast dynamics.1,4,6 As the name suggests, this technique is based on the sum frequency 

generated signal (upconverted signal) wtih emission and the gate pulse. This technique 

provides the resolution of ~100 fs and 1-2 ns. Unlike TCSPC, time resolution in up-conversion 

method is not limited by the electronics. In this technique, a laser beam of fundamental 

frequency (𝜔1) with ultrashort pulse (~100 fs) is divided into two parts with a beam splitter. 

One of these beams is focused on a non-linear crystal to generate second harmonic signal (𝜔2 =

2𝜔1). The second harmonic is separated from the fundamental light using dichroic mirror and 

acts as the excitation pulse (pump pulse). Third harmonic is used for the samples with 

absorption in the UV region. The other part of the beam passes through an optical delay line 

and acts as the probe or gate pulse. The pump pulse is focussed on the sample and the resulting 

fluorescence from the sample with frequency 𝜔𝐹𝐿 is focused on second non-linear crystal. Gate 

pulse is also focused on the same non-linear crystal in the same region where the fluorescence 
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is focused under magic angle condition. As a result, an up-converted signal is generated with 

frequency equal to the sum of the frequencies of fluorescence and gate pulse (𝜔3 = 𝜔𝐹𝐿 + 𝜔1). 

Spatial and temporal overlap of the two signals is necessary for efficient up-conversion. 

Fluorescence decay can be obtained from the intensity of the up-converted signal as the delay 

time is varied for gate pulse if the intensity of the gate pulse remain unaltered during the 

measurement. The intensity of the up-converted signal (𝐼𝑆𝐹) at any delay time (𝜏) is 

proportional to the correlation function of the fluorescence intensity with the gate pulse 

intensity (𝐼𝑃𝑟), 

 𝐼𝑆𝐹(𝜏) = ∫ 𝐼𝐹𝐿(𝑡)

∞

−∞

𝐼𝑃𝑟(𝑡 − 𝜏)𝑑𝑡 2.7 

The fluorescence decay, which is the plot of 𝐼𝑆𝐹(𝜏) against delay time (𝜏), is deconvoluted from 

the IRF using following function  

 𝐹(𝑡) =
1

2
∑𝑎𝑖𝑒𝑥𝑝 (

𝜏𝐺
2

2𝜏𝑖
−
(𝑡 − 𝑡0)

𝜏𝑖
) erf (

𝜏𝐺
2 − 𝜏𝑖(𝑡 − 𝑡0)

√2𝜏𝑖𝜏𝐺
)

𝑖

 2.8 

where 𝜏𝐺is the width of the IRF, 𝑎𝑖 and 𝜏𝑖 are the amplitude and the time constants and 𝑡0 is 

the time shift between the IRF and the fluorescence decay. Using the time constants and the 

corresponding amplitudes obtained from the fitting, time-resolved emission spectra is 

constructed as described in the next section. For this a commercial femtosecond up-conversion 

setup (FOG 100, CDP Corp., Moscow, Russia) was used. The samples were excited with the 

second harmonics generated from the mode-locked Ti:Sapphire laser (Mai-Tai-HP, Spectra 

Physics, USA).4 The instrument response function (IRF) of the up-conversion setup is ~250 fs. 

2.3 Time-Resolved Emission Spectra (TRES) 

TRES is an important method to study various dynamics in the excited state of the fluorophore. 

TRES is the emission spectra at some instant of time following pulsed excitation. The 

electronic excitation of the fluorophores to the Franck-Condon state (0 to 1) is instantaneous 

and there is a significant increase in the dipole moment of the fluorophore for positive 

solvatochromic molecules. The emission spectra, if captured at this stage, will be blue shifted. 

The solvent molecules reorient around the excited fluorophores to reduce its energy and 

gradually attains the relaxed state.1,3 It takes finite time to reach this solvent relaxed state where 

the emission spectra is red shifted. 
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Figure 2.2 Time-resolved fluorescence decay (right) is measured at wavelengths (shown by 

the black arrows) across the steady-state emission spectra (left). Rise component is observed 

for decays measured at long wavelengths (right inset).   

TRES is indirectly measured (reconstructed) using wavelength dependent fluorescence decay 

method.1,3,7 A series of time-resolved fluorescence decay is measured at wavelengths across 

the emission spectra as shown in figure 2.2. These fluorescence transients are analysed as 

described above. The intensity of the TRES is the function of the wavelength () at which it is 

measured and the time (t) which can be mathematically represented by the product of the 

functions of independent variables  and t as 

 𝐼(𝜆, 𝑡) = 𝐴(𝜆)𝐵(𝑡) 2.9 

Mathematically, steady-state emission spectra (𝐼𝑆𝑆) is represented as, 

 𝐼𝑆𝑆 = ∫ 𝐼(𝜆, 𝑡)𝑑𝑡

∞

0

 2.10 

Replacing equation 2.9 in 2.10, we get  

 𝐼𝑆𝑆 = ∫ 𝐴(𝜆)𝐵(𝑡)𝑑𝑡

∞

0

 2.11 

 𝐼𝑆𝑆 = 𝐴(𝜆)∫ 𝐵(𝑡)𝑑𝑡

∞

0

 2.12 

where B(t) can be represented by sum of exponentials, which is obtained from time-resolved 

fluorescence decay. Therefore using 

 𝐵(𝑡) =∑𝛼𝑖exp(−𝑡/𝜏𝑖)

𝑖

 2.13 
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(using the relation ∫ 𝑎𝑒−
𝑡

𝜏𝑑𝑡 = 𝛼𝜏
∞

0
) 

we get, 

 𝐼𝑆𝑆 = 𝐴()∑𝛼𝑖𝜏𝑖
𝑖

 2.14 

 

 𝐴() =
𝐼𝑆𝑆

∑ 𝛼𝑖𝜏𝑖𝑖
 2.15 

therefore,  

 𝐼(𝜆, 𝑡) =
𝐼𝑆𝑆

∑ 𝛼𝑖𝜏𝑖𝑖
∑𝛼𝑖 exp (−

𝑡

𝜏𝑖
)

𝑖

 2.16 

The above equation represents the intensity of different wavelengths at a given time. A 

common way to quantify the temporal change of the TRES, that is to measure time-dependent 

Stokes shift, is to monitor the shift in the peak position or peak frequency 𝜈(𝑡). This can be 

achieved by fitting the lognormal function7 

 𝑔(𝜈) = 𝑔0𝑒𝑥𝑝 [−ln(2) (
ln[1 + 2𝑏(𝜈 − 𝜈𝑝)/Δ]

𝑏
)

2

] 
2.17 

for 𝛼 > 1, and  

 𝑔(𝜈) = 0  

for 𝛼 < 1, where 𝛼 = 2𝑏(𝜈 − 𝜈𝑝)/Δ 

For comparisons, peak frequency 𝜈(𝑡) is converted to solvent response function 𝐶(𝑡) which is 

the normalized form as, 

 𝐶(𝑡) =
𝜈(𝑡) − 𝜈(∞)

𝜈(0) − 𝜈(∞)
 2.18 

𝐶(𝑡) can be fitted with exponential or sum of exponentials to obtain average solvation time 

(〈𝜏𝑠〉). 

2.4 Time-Resolved Fluorescence Anisotropy 

When fluorophores are excited with a linearly polarized light, polarized emission is 

observed.1,3,7 The extent of polarization of the emission is expressed by anisotropy (r). When 

the sample is illuminated with linearly polarized light, only those fluorophores are preferably 

excited that have their absorption transition moment oriented along the electric field vector of 

the incident light. This is known as photoselection. The create/induced polarization is not 
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permanent. The loss of polarization of the emission spectra (fluorescence depolarization) 

results from many processes and rotational diffusion is one of the main reasons.  

Rotational diffusion changes the orientation of the transition moment and eventually the 

emission becomes de-polarized. The time dependent fluorescence anisotropy, thus, can be 

written as 

 𝑟(𝑡) =
𝐼∥(𝑡) − 𝐺𝐼⊥(𝑡)

𝐼∥(𝑡) + 2𝐺𝐼⊥(𝑡)
 2.19 

where 𝐼∥(𝑡) and 𝐼⊥(𝑡) are the fluorescence decay at parallel and perpendicular polarization with 

respect to the polarization of excitation light, respectively, constant G is called G-factor which 

is the ratio of sensitivity of monochromator and detector towards parallel and perpendicular 

emission intensities. G-factor is estimated by tail-matching of 𝐼∥(𝑡) and 𝐼⊥(𝑡) decays at 

sufficiently long time. 

Time-resolved fluorescence anisotropy, 𝑟(𝑡), is fitted with exponential or sum of exponentials 

function to estimate the average rotation time (〈𝜏𝑟〉). Anisotropy measurement was done in the 

same TCSPC setup (LifeSpec II, Edinburgh Instruments, U.K.). 

2.5 Fluorescence Correlation Spectroscopy (FCS) 

Fluorescence correlation spectroscopy (FCS) is one of the widely used single molecular level 

techniques based on confocal microscopy setup.1,5,8,9 In this technique, light beam is focused 

into a small region (called observation volume or focal volume) of the sample using an 

objective as shown in figure 2.3. The volume of this region is about 1 fL and the concentration 

of the fluorophore in the sample is in the order of nM such that there is only about 1 fluorophore 

in the observation volume on an average. The reason for focussing on the tiny region is to 

circumvent interference of the Raman scattering from the solvent molecules to the fluorescence 

signal. The fluorescence is collected only from the observation volume using a pinhole. Thus, 

fluorescence signal persists as long as the fluorophore remains inside this observation volume 

and the signal is lost when there is no fluorophore inside. Thus it gives fluorescence fluctuation 

as a function of time arising from the concentration fluctuation of the fluorophore within the 

observation volume, resulted due to the translational diffusion of the fluorophore. 

The autocorrelation function of the intensity fluctuation due to random diffusion can be 

expressed as.1  

 𝐺(𝜏) =
〈𝛿𝐹(𝑡)𝛿𝐹(𝑡 + 𝜏)〉

〈𝐹(𝑡)〉2
 2.20 
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where <F(t)> is the average fluorescence intensity, δF(t) and δF(t+τ) are the magnitudes of 

fluorescence intensity fluctuation from the average value at time t and t+τ, respectively. 

 

Figure 2.3 Observation volume in the FCS measurement from the fluorescence is recorded. 

For a particle (one kind of particles to be precise) diffusing in 3D Gaussian volume, this 

autocorrelation function can be expressed as1 

 𝐺(𝜏) = 𝐺(0) (1 +
𝜏

𝜏𝐷
)
−1

(1 +
1

𝑤2

𝜏

𝜏𝐷
)
−
1
2
 2.21 

where G(0)=1/N (G(τ) at τ=0), N is the number of particles present in the observation volume. 

w=u/s is the ratio of radius and the half-length of the depth of the observation volume and 𝜏𝐷 

is the average translational diffusion time constant of the particle through the observation 

volume. Equation 2.21 is used to fit the raw data and determine 𝜏𝐷 and𝐺(0). The quantity w 

can be obtained by calibrating the instrument with aqueous solutions of R6G with different 

concentrations and globally fitting the resulting autocorrelation curves. If desired, the 

dimensions (u and s) of the focal volume can easily be determined by using known diffusion 

coefficient of R6G in water (Dt = 4.14  10-6 cm2 s-1) at 298 K10 by using the relation 𝜏𝐷 =

𝑠2 4𝐷⁄ .1 In many instances, the particle does not undergo normal diffusion but show anomalous 

diffusion11 which can represented by following autocorrelation function12, 13 

 𝐺(𝜏) = 𝐺(0) [1 + (
𝜏

𝜏𝐷
)
𝛼

]
−1

[1 +
1

𝑤2
(
𝜏

𝜏𝐷
)
𝛼

]
−
1
2
 2.22 

where α is the exponent showing deviation from normal diffusion. Three types of diffusions 

have been classified on the basis of exponent α11  

1. Sub-diffusion (0< α <1). Frequently observed in crowded environments. 

2. Normal diffusion (α=1).  
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3. Super diffusion (α>1).   

If there are multiple diffusing species or if the same fluorophore is diffusing with two diffusion 

constants as a result of environmental heterogeneity, the autocorrelation function is given by1  

 𝐺(𝜏) =
1

[𝑁1 + 𝑁2]
2
[𝑁1𝐷1 + 𝑁2𝐷2] 2.23 

where 

 𝐷𝑖(𝜏) = 𝐺(0) (1 +
𝜏

𝜏𝐷𝑖
)

−1

(1 +
1

𝑤2

𝜏

𝜏𝐷𝑖
)

−
1
2

 2.24 

If the fluorescence fluctuation has contribution from processes other than diffusion, equation 

2.21 can be rewritten as follows,  

 𝐺(𝜏) = 𝐺(0) [1 + (
𝜏

𝜏𝐷
)]

−1

[1 +
1

𝑤2
(
𝜏

𝜏𝐷
)]

−
1
2
(1 + 𝐴. 𝑒𝑥𝑝 (−

𝜏

𝜏𝑅
)) 2.25 

where A is the amplitude of the process apart from diffusion and 𝜏𝑅 is the time scale of such 

process. One of the processes that cause this additional fluctuation is triplet state blinking.1 In 

proteins, it is important to determine its hydrodynamic radius which can be obtained by 

following SE relation 

 𝑟𝐻 =
𝑘𝐵𝑇

6𝜋𝜂𝐷𝑡
 2.26 

where 𝐷𝑡 is the translational diffusion coefficient of protein calculated using relation 𝜏𝐷 =

𝑠2 4𝐷⁄ . 𝜏𝐷 is obtained by fitting the FCS data.  

In the presence of external additives, the solution's refractive index and viscosity may change 

significantly in addition to the diffusion. In the study protein in the present thesis (chapter 6B), 

the effect of the viscosity change was rectified by performing a control experiment at every 

experimental point by taking R6G as the fluorophore. R6G is a rigid molecule and will not 

undergo any structural change when exposed to DES at various degree of hydration. In this 

way, any change in its diffusion time through the detection volume will be because of the 

difference in the medium viscosity solely. Using this information and the reported value of the 

hydrodynamic radius of R6G (7.7 Å) in pH 7.4 buffer, the hydrodynamic radius of protein can 

be calculated at every experimental point according to the following equation. 

 𝑟𝐻 = 𝑟𝐻
𝑅6𝐺 ×

𝜏𝐷
𝜏𝐷
𝑅6𝐺 2.27 

Above equation gives the hydrodynamic radius of the protein without having to determine the 

viscosity of the medium. The refractive index change is compensated by changing the objective 
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collar position and setting it to have the highest G(0) value for each of the samples. In this way, 

the lowest detection volume attainable is maintained for each sample. 

In the work presented here, FCS measurements were performed in a home built setup based on 

confocal microscope.14 Schematic of FCS setup is shown in figure 2.4. It consists of an inverted 

microscope (Olympus IX-71) and a water immersion objective (60x, 1.2 NA, Olympus, Japan). 

CW laser source (MDL-III-405-5mW, China, for excitation at 405 nm and MGL-III-532-5mW, 

China, for excitation at 532 nm depending on the fluorophore employed) is used to excite the 

samples. The excitation light is focused on to the samples using the objective and the same 

objective is used to collect the fluorescence from the samples (epifluorescence setup). A 

dichroic mirror is used to direct the fluorescence beam towards the pinhole and is focused using 

a lens. An optical fibre guides the fluorescence signal to the photon counting module (SPCM-

AQRH-13-FC, Excelitas Tech. In., Canada). Finally, a correlator card is used to generate 

autocorrelation function and recorded in a computer under LabVIEW® platform. 

 

Figure 2.4 Home built FCS setup 
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2.6 Femtosecond Transient Absorption (TA) Spectroscopy 

Transient absorption spectroscopy is another ultrafast technique.15 In this technique, pump 

pulse with a particular frequency excites the molecule from S0 to S1 state and then the probe 

pulse, which is a white light, probes the molecule while still in the excited state at different 

time delays between the pump and the probe pulse. The probe pulse may further excite the 

molecule to higher excited state resulting the excited state absorption or de-excite the molecule 

to S0 resulting the stimulated emission. In the transient absorption spectroscopy, the difference 

in absorption spectra is measured i.e. the difference of the absorption spectra (OA) of the 

sample when it is excited (pumped) and non-excited (unpumped) states by measuring the probe 

pulse intensity. According to Lambert-Beer’s Law, intensity of the probe pulse after passing 

the pumped sample is 

 𝐼𝑃𝑢𝑚𝑝𝑒𝑑(𝜆) = 𝐼0(𝜆)10
−𝐴𝑃𝑢𝑚𝑝𝑒𝑑(𝜆) 2.28 

where 𝐼0 is the intensity of the incident probe pulse and 𝐴𝑃𝑢𝑚𝑝𝑒𝑑is the absorbance of the 

pumped sample. Similarly for unpumped sample,  

 𝐼𝑈𝑛𝑝𝑢𝑚𝑝𝑒𝑑(𝜆) = 𝐼0(𝜆)10
−𝐴𝑈𝑛𝑝𝑢𝑚𝑝𝑒𝑑(𝜆) 2.29 

Dividing equation 2.28 by equation 2.29 and taking the log, we get  

 ∆𝐴 = 𝐴𝑃𝑢𝑚𝑝𝑒𝑑(𝜆) − 𝐴𝑈𝑛𝑝𝑢𝑚𝑏𝑒𝑑(𝜆) = −𝐿𝑜𝑔 [
𝐼𝑃𝑢𝑚𝑝𝑒𝑑(𝜆)

𝐼𝑈𝑛𝑝𝑢𝑚𝑝𝑒𝑑(𝜆)
] 2.30 

Above equation is the difference absorption ∆𝐴 at fixed time delay “t” of probe pulse with 

respect to the pump pulse. Temporal evolution of ∆𝐴 can be obtained as the delay time is varied. 

∆𝐴 is positive for process like excited state absorption and negative for processes like ground 

state bleaching and stimulated emission. In the present thesis, I used transient absorption 

spectroscopy for the solvation dynamics study for which temporal shift of stimulated emission 

was monitored.  

The femtosecond transient absorption spectrometer used in this study comprises of a 

Ti:sapphire oscillator (Micra 10, Coherent) amplified by a 1 kHz regenerative amplifier 

(Legend Elite, Coherent). The wavelength of the amplified output pulse is centred at 800 nm. 

The temporal width of the pulse is ~45 fs with an energy of 3.5 mJ. This 800 nm beam is split 

into two parts. One part of the beam generates the pump pulse in an optical parametric amplifier 

(OPERA SOLO, Coherent) and the other part is directed to the sapphire crystal generating 

white light continuum that covers the spectral range between 400 and 1100 nm. The detection 

system is composed of a monochromator (Acton SP2300, Princeton Instruments) and a pair of 
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diode array detectors working in spectral range between 400 and 1000 nm. The samples were 

excited at 450 nm with pump intensity of 85 μW. To detect the isotropic response of the 

medium, the magic angle configuration of pump and probe beams was applied. The instrument 

response function of the setup is 70 fs.  

2.7 Optical Kerr Effect Spectroscopy 

The optical Kerr effect (OKE) experiment was used to study the bulk solvent dynamics, where 

the time evolution of birefringence induced by a pump laser pulse is investigated with a delayed 

probe pulse. The measurements were made with ~20 fs pulses using the home built setup, 

described in details in elsewhere.16 The OKE signal consists of ultrafast electronic 

(hyperpolarizability) response, centered around zero delay, and a slower nuclear response, 

which includes components due to the intermolecular dynamics and intramolecular vibrations. 

As in the present study, only the intermolecular nuclear dynamics is important, we get rid of 

the contributions due to the electronic response around zero delay and due to the intramolecular 

vibrations by a modified version of the McMorrow and Lotshaw deconvolution procedure.17 

The modification is to set the spectra to zero at wavenumbers above 350 cm-1, where the chosen 

cut off frequency corresponds to a minimum between the intermolecular and intramolecular 

parts of the spectra. The IRF used in the deconvolution procedure is obtained from the Kerr 

signal of a properly cut and oriented CaF2 single crystal, where only the electronic response is 

present.16,18  

2.8 CD Spectroscopy: Circular dichroism (CD) spectra was recorded on a commercial CD 

spectrometer (J-815, Jasco, Japan) using 2 mm pathlength cuvette. CD data was analyzed using 

CDNN software (http://gerald-boehm.de).19 

2.9 Measurement of Thermophysical properties 

Density. Densities of the samples were measured in a home-built glass apparatus (see 

figure 2.5), which is temperature-controlled by an external water bath (LLCB-202, Labocon, 

UK). In this setup, the glass material's thermal expansion/compression was neglected, which 

might result in a small error. The known value of the density of the water was used to calculate 

the volume. To verify its accuracy, we measured the density of glycerol at various temperatures 

and compared with reported values as shown in table 2.1. We also measured the density of non-

volatile solvents (data not shown) at lower temperatures to check the accuracy of the 

pycnometer.  
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Figure 2.5 Picture showing home built temperature controlled pycnometer. 

Table 2.1 Experimental densities (gL-1) of glycerol at different temperature and comparison 

with reported values.  

T (°C) T(K) Experiment Literature 

20 293 1.261 1.26099a 

25 298 1.257 1.25791a, 1.2589b 

30 303 1.255 1.2556b 

35 308 1.252 1.25166a, 1.2527b 

40 313 1.249 1.2495b 

45 318 1.247 1.2462b 

50 323 1.244 1.24211a, 1.2429b 

55 328 1.242 1.2396b 

60 333 1.238 1.23571a, 1.2360b 

65 338 1.235 1.2348c 

70 343 1.233 - 

75 348 1.230 1.22579a, 1.2287c 

80 353 1.222 ~1.220d 
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a) Egorov, G. I.; Makarov, D. M.; Kolker, A. M. Volume properties of liquid mixture of 

water + glycerol over thetemperature range from 278.15 to 348.15 K at atmospheric 

pressure. Thermochim. Acta 2013, 570, 16-26 

b) Li, Q.-S.; Su, M.-G.; Wang, S. Densities and Excess Molar Volumes for Binary Glycerol 

+ 1-Propanol, +2-Propanol, + 1,2-Propanediol, and + 1,3-Propanediol Mixtures at 

Different Temperatures. J. Chem. Eng. Data 2007, 52, 1141-1145. 

c) Prieto, N. M. C. T.; Souza, T. A.; Egas, A. P.; Ferreira, A. G. M.; Lobo, L. Q.; Portugal, 

A. T. A. Liquid glycerol: Experimental densities at pressures of up to 25 MPa, and some 

derived thermodynamic properties. J. Chem. Thermodyn. 2016, 101, 64-77. 

d) McDuffie, G. E.; Forbes, J. W.; Madigosky, W. M.; von Bretzel, J. J. Density and 

compressibility of four higher alcohols for pressures to 2800 kg./sq. cm. J. Chem. Eng. 

Data 1969, 14, 176-180. 

Refractive index. The Refractive index was measured in a commercial Abbe refractometer 

(DR-A1, Atago, Japan). The refractive index can be measured with a precision of 0.0001, and 

the uncertainty involved in the measurement of the refractive index is better than ±0.0004. 

Temperature was controlled by external water bath (LLCB-202, Labocon, UK). 

Sound velocity. Sound velocity was measured using an ultrasonic interferometer (F-05, Mittal 

Enterprises, India). Here also, the temperature was controlled by external water bath (LLCB-

202, Labocon, UK). 

Viscosity. Dynamic viscosity was measured by a rolling ball viscometer (Lovis 2000 M, Anton 

Paar, Austria) with an in built temperature controller.  

2.10 Materials and Methods 

Materials. Fluorescent probes 4-(Dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-

4H-pyran (DCM), coumarin 153 (C153) and rhodamine 6G (R6G) were purchased from Sigma 

Aldrich and used without further purification. Bromelain and Casein purchased from Sigma 

Aldrich were used without further purification. Tetramethylrhodamine-5-maleimide (TMR) 

and 7-diethylamino-3-(4-maleimidophenyl)-4-methylcoumarin (CPM) were used to tag 

bromelain for spectroscopic studies were also purchased from Sigma Aldrich. Lithium nitrate, 

lithium bromide, urea, D-menthol and lauric acid were all purchased from Sigma Aldrich and 

used without further purification. D-sorbitol was purchased from SD Fine Chemicals and used 

without further purification. Lithium nitrate, lithium bromide, sorbitol and urea were dried 

under vacuum for several hours before use. Acetamide was purchased from Fisher Scientific 
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and was recrystallized in methanol and dried before use. Unfortunately we could not report the 

water in the samples because of the lack of Karl-Fisher setup. Therefore enough care was taken 

while handling these chemicals as many of them are hygroscopic. Analytical grade di-sodium 

hydrogen phosphate and sodium dihydrogen phosphate were purchased from Merck, India, and 

was used to prepare buffer (pH 7.4). Dialysis membrane tubing (12 kDa cut-off) was purchased 

from Sigma-Aldrich and was washed according to the procedure given by Sigma-Aldrich. 

Centrifugal filtration unit (Amicon Ultra, 10 kDa cut-off) have been purchased from Merck 

Millipore, Germany. HPLC grade dimethyl sulfoxide (DMSO) was purchased from S. D. Fine 

Chemicals Limited, India, and used after distillation. Scheme 1 shows structure of some of the 

molecules involved in the present thesis. 

 

Scheme 2.1 Molecular structures of some of the chemicals used in the present thesis. 

Sample/DES preparation. All the DESs were prepared by taking required proportions of the 

components heating the mixtures to a suitable temperature while continuously stirring. In the 

preparation of non-ionic ternary DES the mixture containing 0.4 mole fraction of sorbitol 

requires prolonged heating. However, prolonged heating should be avoided for two reasons; 

(a) sublimation of acetamide, which results in the change of mole fraction of the mixture, and 

(b) sorbitol turns brownish although sugar polyols are not known to caramelize. Although the 

exact freezing point cannot be measured, the resulting DES is liquid even at 280 K. The density 

of our DES system is 1.2521 g mL–1 at 303 K.  
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Protein Labelling. Standard procedure of thiol chemistry was followed for protein labeling. 

Both CPM and TMR have previously been tagged site specifically to free thiol group of 

bromelains, and we follow a similar technique (chapter 6B).20-22 Briefly, 192 mg of bromelain 

was dissolved in 19 ml of phosphate buffer (50 mM, pH 7.4). 3.2/3.8 mg CPM/TMR dissolved 

in 1 ml of DMSO was added dropwise to the protein solution with continuous stirring. The 

reaction mixture was then kept at 20C in stirring condition for 12 hrs followed by dialysis at 

5 C using 1000 ml of 15:1 (V/V) phosphate buffer (50 mM, pH 7.4) and DMSO. The dialysis 

medium was changed for every 12 hrs for 4 days and after that dialysis was done with buffer 

until the dialyzed solution shows no appreciable fluorescence. The CPM/TMR tagged 

bromelain was then concentrated by using 10 kDa cut-off centrifugal filtration unit. Tagging 

efficiency is calculated from the ratio of the concentration of bromelain and the dye in the 

CPM/TMR tagged bromelain using 휀𝑏𝑟𝑜𝑚𝑒𝑙𝑎𝑖𝑛
280 , 휀𝐶𝑃𝑀

390  and 휀𝑇𝑀𝑅
555  as 63500 M–1cm–1, 33000 M–

1cm–1, and 75000 M–1cm–1, respectively.21-23 

Protein sample preparation. For all the experiments related to proteins, 50 mM pH 7.4 

phosphate buffer was used. The samples are equilibrated overnight. The concentration of 

bromelain is measured using its molar absorption coefficient of 63,500 M–1cm–1 at 280 nm.23 

Untagged bromelain was used for activity measurement, CPM tagged bromelain for steady-

state emission, and TMR tagged bromelain for FCS study. Bromelain concentration is kept ~10 

µM for CD measurements, ~ 4 µM for steady-state emission experiment, and ~5 nM for FCS 

measurement. Due to high absorbance of DES, CD data of bromelian with DES could not be 

recorded. We back-extracted bromelain from DES, dissolved it in buffer and recorded the CD 

spectra. For back extraction, the overnight-equilibrated samples are taken in a centrifugal 

filtration unit (Amicon Ultra, 10 kDa cut-off) and washed with buffer several times. 

Protein Activity Measurement. Bromelain activity is assayed by spectrophotometric method 

using casein as the substrate.24-26 For activity measurement, untagged bromelain is used. Casein 

(0.3 mL, 1.5% w/v) was denatured at 70 C for 15 min and was treated with bromelain (0.3 

mL, 0.12 mg mL–1) in 50 mM pH 7.4 phosphate buffer at 37 C for 10 min. The reaction was 

then stopped by the addition of 0.3 mL 200 mM trichloroacetic acid. The precipitate was 

removed through centrifugation, and the absorbance of the supernatant was measured at 280 

nm. The value of the absorbance at 280 nm is proportional to the degree of the proteolysis of 

bromelain. Thus, bromelain’s activity is represented as the absorbance value obtained for 10 

min digestion. Appropriate blank (consists of all the constituent except bromelain) is subtracted 

from every measurements.  
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Temperature dependent ultrafast solvent response of a non-ionic DES based on acetamide and 

urea [0.6 CH3CONH2 + 0.4 CO(NH2)2] was investigated using femtosecond transient 

absorption (TA) and optical Kerr effect (OKE) spectroscopy. Translational diffusion of a 

fluorescent probe in the same DES was also studied at various temperatures using fluorescence 

correlation spectroscopy (FCS). These were used to study the viscosity coupling of the 

measured relaxation times and thus to verify the dynamical heterogeneity aspect of this 

medium. From FCS study the translational diffusion time of a solute in the DES found to show 

a fractional viscosity dependence, with exponent 0.758, which, when compared with the 

viscosity–diffusion relationship for the same solute in common molecular solvents, suggests 

moderate deviation from the Stokes–Einstein relation. The solvent response have been found 

to be triexponential in nature, dominated by a ∼100 fs component. The other two components 

are characterized by time constants in ∼5 and ∼50 ps regimes. Subsequent comparison with 

the femtosecond OKE measurements suggests that the relatively slower picosecond solvation 

components originate from the reorientation of the solvent molecules, while the subpicosecond 

solvation response arises from the participation of the collective low-frequency solvent modes 

(such as intermolecular vibrations and librations). We find that the rotational diffusion lifetimes 

also exhibit fractional power dependence on medium viscosity and thus deviate from the 

Stokes–Einstein–Debye prediction. All of these results therefore suggest that the non-ionic 

acetamide–urea DES is a moderately heterogeneous medium. 
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3.1 Introduction 

Most of the extensively studied DESs are ionic as discussed in chapter 1, little attention has 

been given to non-ionic DESs. There is a lack of structural and dynamical studies on non-ionic 

DESs. A possible reason could be that only few non-ionic DESs were reported until recently. 

This is understandable as the interaction between non-ionic components is much weaker 

compared to ionic ones which makes the formation of non-ionic DESs difficult. In the case of 

non-ionic hydrophobic DESs, hydrophobic interaction leads to relatively easier formation of 

DESs. In many fronts, a non-ionic solvent may be desirable for applications involving 

dissolution of solutes which otherwise are not soluble in ionic DESs. In this context, acetamide 

based DESs could be an excellent choice as acetamide is considered to be a very good solvent1,2 

that can dissolve a variety of solutes. This is attributed to the unique molecular structure and 

large dielectric constant of acetamide.1,3  

Few acetamide based ionic DESs are known and have been explored. For example, time-

resolved fluorescence studies of these DESs has revealed their heterogeneous (spatially and 

dynamically) nature from the breakdown of SE and SED as mentioned earlier.4-7 One of the 

known non-ionic DESs based on acetamide is that with urea.8 In contrast to ionic DESs, Biswas 

and co-workers found non-ionic acetamide–urea DES to be quite dynamically homogeneous 

(with exponent p close to unity) when studied by fluorescence anisotropy of a probe molecule 

and simulation.9 However, dielectric relaxation (DR) study, with a 0.2   (GHz)  50 

frequency coverage, shows that there is a fractional power dependency of the average DR time 

on the viscosity and a substantial decoupling exists between re-orientational dynamics of the 

component molecules and solution viscosity, indicating dynamic heterogeneity.10 However, 

this experiment covers only a narrow window and hence it is hard to observe any relaxation on 

a time scale shorter than tens of picosecond and longer than nanosecond. This is to note that 

typical time dependent fluorescence Stokes shift method with an instrument response function 

(IRF) of ~80 ps could not reveal any solvation dynamics component9 and thus the possibility 

of having a component larger than nanosecond might be ruled out. On the other hand, the 

presence of a faster (order of a few picoseconds or less) relaxation component is anticipated, 

which has been verified in the present chapter. Herein, transient absorption (TA) was used to 

measure the ultrafast solvation response of acetamide–urea DES having a eutectic temperature 

of ∼319 K at approximately 0.6 mole fraction of acetamide8 (i.e. [f CH3CONH2 + (1-f) 

CO(NH2)2] at f = 0.6) within the temperature range of 328  T (K)  358 to verify if the system 

is truly dynamically homogeneous. In order to understand the origin of the solvation time 



72 
 

components, bulk solvent intermolecular dynamics was measured using femtosecond optical 

Kerr effect (OKE) in the temperature range of 322.5  T (K)  373. 

Apart from solvation dynamics, the nature of the dynamic heterogeneity of the acetamide–urea 

DES from the translational diffusion of a probe molecule also explored. For this, fluorescence 

correlation spectroscopy (FCS) was employed, which is a highly sensitive technique to study 

the molecular diffusion through a media.11 While FCS has been extensively used to establish 

the existence of heterogeneity in ionic liquids, there are only few reports on the FCS study of 

DESs.12-14 The translational diffusion of various probe molecules in these DES was found to 

be anomalous instead of simple single component diffusion and it has been attributed to the 

presence of dynamic heterogeneity. However, the observation of anomalous diffusion may 

originate from other source (see discussion section) and a temperature dependent FCS study is 

necessary to ascertain the presence of dynamics heterogeneity in the DES, which have done in 

the present chapter. The viscosity values for the acetamide–urea DES [f CH3CONH2 + (1-f) 

CO(NH2)2, f = 0.6] at various temperatures were obtained by inter/extrapolation of the data 

from ref. 9 with Reynolds exponential model fit. 

3.2 Result and Discussion 

3.2.1 Solvation dynamics studied by the time dependent Stokes shift method 

In order to study the solvation dynamics of acetamide–urea DES, 4-(dicyanomethylene)-2-

methyl-6-(4-dimethylaminostyryl)-4H-pyran (DCM) is used as the solvatochromic dye 

molecule.15,16 Upon excitation, the dipole moment of DCM changes from 6 D to 26 D and the 

time scale of the solvation induced stabilization of the excited state is measured by monitoring 

time dependent shift of the stimulated emission band using transient absorption (TA) 

spectroscopy.16 Figure 3.1a shows the representative transient absorption spectra of DCM in 

acetamide–urea DES [f CH3CONH2 + (1-f) CO(NH2)2, f = 0.6] at 333 K. The TA spectra is 

dominated by emission band with its maximum shifting towards longer wavelengths with 

increasing pump-probe delay time. In order to quantify the dynamic Stokes shift, the stimulated 

emission band was fitted with log-normal function to determine the peak position for each 

delay time. A representative plot of the shift in the peak frequency as a function of the pump-

probe delay time is shown in figure 3.1b.  

Figure 3.2a shows C(t) obtained for f CH3CONH2 + (1-f) CO(NH2)2 DES with f = 0.6 at seven 

different temperatures ranging from 328 K to 358 K. Each C(t) is best fitted with a three 

exponential function [𝐶(𝑡) = 𝑎1𝑒
−𝑡

𝜏1 + 𝑎2𝑒
−𝑡

𝜏2 + 𝑎3𝑒
−𝑡

𝜏3] and the fitted parameters are tabulated in 
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table 3.1. It is worth to note that the ultrafast sub-picosecond component (3) does not show 

dependence on the temperature, whereas, the slower components exhibit a strong temperature 

dependence. Solvation is a complex relaxation process, which involves different types of 

molecular motions, e.g. libration, rotation and translation.17,18 This type of motions for the bulk 

solvent can be observed using the femtosecond optical Kerr effect (OKE) technique (vide 

infra).  Librations and translations in a local cage formed by neighbouring molecules are 

considered to be the fastest events in a hydrogen-bonded solvent and involve small amplitude 

motion of the solvent molecule19-21 For the slower time constants (1 and 2) a strong 

temperature dependence is expected as they originate from the reorientation of the solvent 

molecules. The average of the two slower components is plotted against 𝜂 𝑇⁄  in figure 3.2b as 

a log-log plot where the fractional SED exponent is found to be 0.845, which is more close to 

unity than for the ionic DES. This suggests that the effect of viscosity on the solvation dynamics 

of acetamide-urea DES more closely follows the Stokes-Einstein-Debye relation and the 

mixture is dynamically more homogeneous. 

 

 

Figure 3.1 (a) Normalized transient absorption spectra and (b) variation of peak frequency of 

the stimulated emission band of DCM dye in acetamide–urea DES [f CH3CONH2 + (1-f) 

CO(NH2)2, f = 0.6] at 333 K.  
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Figure 3.2 (a) Solvent response function, C(t), of DCM dye in acetamide–urea DES [f 

CH3CONH2 + (1-f) CO(NH2)2, f = 0.6] at various temperatures and the corresponding solid 

line represents the fitted line with a three exponential function. (b) Plot of 𝑙𝑜𝑔(𝜏𝑆) vs 𝑙𝑜𝑔(𝜂 𝑇⁄ ) 

in acetamide–urea DES [f CH3CONH2 + (1-f) CO(NH2)2, f = 0.6]. 

 

Table 3.1 Viscosity, observed dynamic Stokes shift and the fitted parameters of the solvent 

response functions of DCM dye in acetamide–urea DES [f CH3CONH2 + (1-f) CO(NH2)2, f = 

0.6] at various temperatures. The viscosity data were taken from ref. 9 after inter/extrapolation 

of the data with Reynolds exponential model.  

Temp 

(K) 

𝜼 

(cP) 

Observed 

dynamic 

Stokes 

shift (cm–1) 

𝒂𝟏 𝒂𝟐 𝒂𝟑 𝝉𝟏 

(ps) 

𝝉𝟐 

(ps) 

𝝉𝟑 

(ps) 
𝝉𝒔 =

𝒂𝟏𝝉𝟏 + 𝒂𝟐𝝉𝟐
𝒂𝟏 + 𝒂𝟐

 

(ps) 

328 11.93 2340 0.28 0.18 0.53 30.2 3.8 0.12 19.9 

333 9.89 2200 0.29 0.18 0.54 24.5 2.3 0.14 16.0 

338 8.27 2420 0.22 0.14 0.67 21.3 2.8 0.14 14.1 

343 6.99 2520 0.18 0.17 0.66 21.9 4.2 0.13 13.3 

348 5.97 2510 0.22 0.19 0.60 17.0 1.8 0.12 10.0 

353 5.17 2740 0.13 0.22 0.68 20.9 2.8 0.12 9.5 

358 4.54 2620 0.14 0.19 0.69 14.8 2.7 0.14 7.8 

 

3.2.2 Solvent dynamics in the bulk studied through femtosecond OKE 

We have applied the OKE technique to investigate the timescales of the bulk solvent dynamics, 

where for the analysis we have used only the intermolecular part of the response. 

Intermolecular part of the OKE response for the acetamide–urea DES [f CH3CONH2 + (1-

f) CO(NH2)2, f = 0.6] at various temperatures ranging from 322 K to 373 K is shown in 

figure 3.3a in log-log scale. In the case of molecules with anisotropic polarizability, the slowest 



75 
 

picosecond components are due to the diffusive reorientation, whereas the faster components 

correspond to the librations and translations of a molecule in the transient cage formed by its 

neighbours.21,22 Usually for hydrogen-bonded systems the translational motion involving 

hydrogen bond stretching can be distinguished,23,24 and it was shown to decay within few 

hundreds of femtoseconds. Herewith we fit only the time domain OKE response starting at 1 ps, 

corresponding to diffusive molecular motions. The best fit was obtained with a sum of 

4 exponential functions, where τri and τi correspond to the rise and decay times, respectively. 

 𝑅(𝑡) =∑𝑎𝑖(1 − 𝑒−𝑡 𝜏𝑟𝑖⁄ )

4

𝑖=1

𝑒−𝑡 𝜏𝑖⁄  3.1 

The rise times were fixed at 200 fs. A representative fit for 333 K is given in figure 3.3b. The 

two slowest components are assigned to the reorientation of molecules (vide infra), whereas 

the faster two are considered as a tail of the response due to faster relaxation processes. The fit 

parameters for the two reorientational components at all the temperatures are gathered in table 

3.2.  

The analysis of the OKE response in urea-water mixture gives two highest decay times of 2.3 ps 

and 6.5 ps at 333 K, where the value of 𝜂 𝑇⁄  ratio is 0.00445 cP/K.23 A study with the same 

technique for the acetamide-water system reports decay times of 1.81 ps and 6.84 ps at 296 K 

(𝜂 𝑇⁄  ratio is 0.0045 cP/K).25 The 𝜂 𝑇⁄  ratios in both cases are almost equal and at the same time 

the decay times for urea and acetamide are close. In our case the lowest value of 

𝜂 𝑇⁄  = 0.0089 cP/K is obtained at 373 K, which is double that mentioned for urea/acetamide-

water systems. According to the SED equation the decay times should also double (assuming 

small contribution of the free rotation part), which almost takes place in our case and the 

obtained times are 2=3.6 ps and 1=11.8 ps (see table 3.2). We conclude that both of the 

investigated molecules contribute to each of the two slowest components of our fit. The slower 

one is clearly due to the reorientation of the molecules with anisotropic polarizability, which is 

the slowest process captured by OKE.19,21 In the case of the other one, Idrissi et al.25 suggested 

that it may originates from the reorientation of molecules about a different molecular axis. The 

fast dynamics obtained after subtracting the reorientation (figure 3.3b) is due to librations and 

translations of the molecules in the transient cage formed by their neighbours. The detailed 

analysis of this part is out of the scope of this paper. Here we would like to state that the 

vibration observed in the signal may be due to the stretching of hydrogen bonds, just like for 

water24 and we also expect a considerable contribution of the librations due to the high 

anisotropy of the investigated molecules. 
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At this point it is fair to make a comparison between the solvation dynamics studied by time 

dependent fluorescence Stokes shift of a dye molecule and the bulk solvent dynamics. We find 

that the longest reorientation time obtained from OKE is very close to the longest solvation 

time – 15.1 ps vs 14.8 ps at 358 K and 33.9 ps vs 30.2 ps at 328 K. On the other hand, the 

second longest component in solvation is faster by 30-45% than the second longest component 

in OKE. In the case of the fastest solvation component, we expect it to originate from librations 

or translations of solvent molecule in its local cage.  

Just like in the case of solvation dynamics we have plotted the 𝑙𝑜𝑔(𝜏𝑖) vs 𝑙𝑜𝑔(𝜂 𝑇⁄ ) for the 

picosecond reorientation times in figure 3.4. For consistency with previously published 

solvation data, we have fitted the logarithmed data with a linear function.  

 log 𝜏𝑖 = log𝐵 + 𝑝log (
𝜂

𝑇
) 3.2 

In order to test the importance of free rotor component and the use of logarithm of noisy data 

in the fit, we have additionally fitted the non-logarithmed data with the following function.  

 𝜏𝑖 =
𝐴

√𝑇
+ 𝐵 (

𝜂

𝑇
)
𝑝

 3.3 

where the first component is due to the free rotor contribution. A free fit of such equation 

resulted in unphysical parameters, and thus we have fixed the value of A for nonzero free rotor 

part. We estimated the free rotor time using the following equation:26,27 

 𝜏𝐹𝑅 =
2𝜋

9
√(

𝐼

𝑘𝐵𝑇
) 3.4 

where I and kB are the moment of inertia about the selected rotation axis and Boltzmann 

constant, respectively. We used the average of the times obtained for the two molecules for 

rotations about the axes in molecular plane, which resulted in 𝐴 = 5300𝑓𝑠√𝐾. The obtained fit 

parameters are given in table 3.3. What we observed is that the p exponent significantly 

depends on the quality of the data and that for noisy data the fits for logarithmed and non-

logarithmed data show difference. In the table we have put the results for both components and 

their average value (calculated like in the case of solvation, see table 3.1). We show also the 

data for solvation for comparison (individual times are not included due to very high scatter of 

the data points). The values of p exponent in the fractional SED equation were not significantly 

influenced by the use of free rotor component, showing that the free rotor part can be neglected. 

In figure 3.4 one can see that the curves obtained with and without free rotor component overlap 

very well (non-logarithmed data). 
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When comparing the slope and exponent for the average reorientation time in OKE and 

solvation responses, we see some difference. The lower value of the exponent in the case of 

OKE can indicate somewhat higher dynamic inhomogeneity in the bulk, which correlates well 

with higher inhomogeneous broadening for librations, discussed above. The disagreement is 

attributed to the difference in solvent-solvent and solvent-solute interactions. In general, the 

values of the p exponents ranging from 0.703 to 0.845 indicates some degree of dynamic 

inhomogeneity of the investigated system both in the bulk and around the solute. We note that 

the reorientation times obtained from the OKE experiment are in a very good agreement with 

the dielectric relaxation and molecular dynamics simulations data.10 It was theoretically shown 

that the ratio of the decay times for first and second order orientational correlation functions is 

3 for Debye diffusion and 1 if the relaxation is dominated by large jumps.26,27 This ratio was 

calculated by us by taking from ref. 10 the slowest component of multiexponential fit to those 

correlations and averaging it for both molecules. The value obtained at 335 K is 1.68, which 

indicates that the reorientation deviates from the Debye model. The reorientation observed in 

dielectric relaxation follows the first order correlation function, whereas in OKE the second 

order relaxation is valid, thus the relaxation times should be related by the calculated ratio. For 

the slowest component of the OKE response, measured at 336 K, we obtain after rescaling 

25.7 ps  1.68 = 43.2 ps, which is in a very good agreement with the value of 39 ps obtained 

from the DR measurement. Moreover, the exponent obtained from the fit to the fractional SED 

equation to the average relaxation time matches very well between the dielectric relaxation and 

OKE data (0.68 vs 0.703). 

 

Figure 3.3 Intermolecular part of the OKE response obtained from OKE signal with 

normalized hyperpolarizability acetamide–urea DES [f CH3CONH2 + (1-f) CO(NH2)2, f = 0.6] 

in log-log scale (a) at temperatures from 323 to 373 K (b) at 332 K with its fit. 
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Table 3.2 Fit parameters for the reorientation in the OKE response 

 𝜼 [cP] τi [ps] ai [10-3] 

T [K]\i  1 2 1 2 

322.2 14.96 42.5 9.23 2.56 2.10 

326.8 12.48 33.9 7.14 3.14 2.68 

331.4 10.48 31.0 6.80 3.37 3.11 

336.0 8.87 25.7 5.84 4.01 3.15 

340.6 7.57 24.2 4.95 4.20 5.02 

345.2 6.52 19.9 4.15 5.11 5.06 

349.8 5.67 18.7 4.57 5.27 4.72 

354.3 4.99 16.7 3.94 5.89 5.69 

358.9 4.43 15.1 3.83 6.40 5.63 

363.5 3.99 13.5 3.69 6.77 5.88 

368.1 3.63 12.3 4.02 7.13 4.68 

372.7 3.34 11.8 3.63 7.08 7.43 

 

 

Figure 3.4 Plot of the 𝑙𝑜𝑔(𝜏𝑖) from OKE experiment vs 𝑙𝑜𝑔(𝜂 𝑇⁄ ) in acetamide–urea DES [f 

CH3CONH2 + (1-f) CO(NH2)2, f = 0.6]. Solid lines are the fits of the plotted data (see equation 

3.2), whereas dashed and dotted lines are for the fits of of 𝜏𝑖 vs 𝜂 𝑇⁄  using equation 3.3 with 

and without free rotor component, respectively. 
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Table 3.3 Fit parameters for fractional SED equation (B is given in engineering notation). The 

log fit scale refers to linear fit of 𝑙𝑜𝑔(𝜏𝑖) vs 𝑙𝑜𝑔(𝜂 𝑇⁄ ) (see equation 3.2), whereas linear fit 

scale refers to fit of 𝜏𝑖 vs 𝜂 𝑇⁄  using equation 3.3. Equation 3.2 corresponds to the equation 3.3 

with A fixed at 0. One of the fits in linear scale was made with A fixed at 0 for comparison 

with the fit in log scale, whereas the other had A fixed at value obtained from equation 3.4, as 

described in text. 

 OKE Solvation 

 𝝉𝟏 𝝉𝟐 ⟨𝝉⟩ ⟨𝝉⟩ 
Fit scale log lin lin log lin lin log lin lin log 

A 

(𝒇𝒔√𝑲) 

0 0 5300 0 0 5300 0 0 5300 0 

B 

(𝑲 𝒄𝑷⁄ )𝒑 

430e3 444e3 455e3 416e2 504e2 540e2 208e3 229e3 237e3 326e3 

p 0.765 0.774 0.784 0.536 0.588 0.621 0.703 0.728 0.743 0.845 

 

3.2.3 Translational diffusion of a solute studied by fluorescence correlation spectroscopy 

Figure 3.5a shows the normalized fluorescence autocorrelation curves of R6G in acetamide–

urea DES [f CH3CONH2 + (1-f) CO(NH2)2, f = 0.6] at various temperatures ranging from 328 

K to 353 K. As expected, the translational diffusion time (𝜏𝐷) of R6G in this DES decreases 

with increasing temperature. Figure 3.5b shows the fits of the fluorescence autocorrelation 

curve for [f CH3CONH2 + (1-f) CO(NH2)2, f = 0.6] at 333 K using single (equation 2.21) and 

anomalous (equation 2.22) diffusion components and we observed that anomalous diffusion 

fits the data best. The fitting parameters for all the temperatures are tabulated in table 3.4. The 

value of α obtained from the fitting ranged from 0.88 to 0.90 in our study. Earlier, it has been 

reported that the apparent anomalous diffusion could be the result of the mismatch between 

refractive indices of the sample and immersion liquid (which in our case is water).28 The 

refractive index of acetamide–urea DES [f CH3CONH2 + (1-f) CO(NH2)2, f = 0.6] is reported 

to be around 1.38-1.39.10 Clearly, there is a mismatch of the refractive indices, and thus the 

observation of the anomalous diffusion may be apparent. The true nature of the diffusion could 

only be confirmed with a two-focus FCS.28 However, due to the lack of availability of dual-

focus FCS setup, we could not further confirm whether the apparent anomalous diffusion is the 

result of the mismatch between refractive indices or it is actually the case. Nonetheless, we 

used both the values of obtained 𝜏𝐷 for further discussion. 

As mentioned earlier, here we would like to study the nature of Stokes-Einstein behaviour in 

acetamide–urea DES using translational diffusion of a probe to see if this is a unique solvent. 

Figure 3.6a shows the plot of 𝑙𝑜𝑔[𝜏𝐷] vs. 𝑙𝑜𝑔[𝜂 𝑇⁄ ] for R6G in acetamide–urea DES [f 
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CH3CONH2 + (1-f) CO(NH2)2, f = 0.6]. The slopes (p) obtained for both normal and anomalous 

diffusion times are similar (~0.75) and are less than unity, which may indicate that this DES is 

to some extent dynamically heterogeneous and there is a decoupling of translational diffusion 

time from the solvent viscosity. This result prompted us to study the validity of Stokes-Einstein 

relationship for diffusion of a solute in normal molecular solvents. For this, we made FCS 

measurement of R6G in various solvents of varying viscosities (see table 3.5 for the details). 

Figure 3.6b shows the plot of 𝑙𝑜𝑔[𝜏𝐷] vs. 𝑙𝑜𝑔[𝜂 𝑇⁄ ] for R6G in various solvents and the slope is 

found to be 0.82. It was a surprise to find that even in normal solvents, translational diffusion 

time of R6G has a fractional power dependence on viscosity. It is important to recall that 

Stokes-Einstein relation is based on spherical solute particle diffusing through a solvent 

continuum. Here, we speculate that the deviation observed in normal solvents is because of the 

non-spherical nature of the probe molecule and/or charge of the probe. Further scrutiny is 

required to ascertain these speculations. Compared to normal solvents, the translational 

diffusion time of R6G in acetamide–urea DES shows only a marginal deviation in the fractional 

power dependence. This indicates that the DES under study is mildly heterogeneous only.  

 

 

 

Figure 3.5 (a) Normalised fluorescence autocorrelation curve for R6G in acetamide–urea DES 

[f CH3CONH2 + (1-f) CO(NH2)2, f = 0.6] at various temperatures. (b) Comparison of fitting 

and the corresponding residuals are shown by solid red line (single diffusion) and solid blue 

line (anomalous diffusion) for [f CH3CONH2 + (1-f) CO(NH2)2, f = 0.6] at 333 K.  
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Table 3.4 Viscosities and fitting parameters of the fluorescence autocorrelation function with 

single and anomalous diffusion model for R6G in acetamide–urea DES [f CH3CONH2 + (1-f) 

CO(NH2)2, f = 0.6] at various temperatures. The viscosity data were taken from ref. 9 after 

inter/extrapolation of the data with Reynolds exponential model. 

 

T 

(K) 

η 

(cP) 

Anomalous diffusion Single diffusion 

𝝉𝑫 (μs) α  

(anomalous exponent) 

𝝉𝑫 (μs) 

328 11.93 1470±30 0.88 1610±30 

333 9.89 1270±25 0.90 1380±20 

338 8.27 1180±30 0.90 1280±30 

343 6.99 935±20 0.89 1030±25 

348 5.97 865±15 0.89 960±20 

353 5.17 735±20 0.90 805±15 

 

Table 3.5 Viscosities and fitting parameters of the fluorescence autocorrelation function with 

single diffusion model for R6G in various molecular solvents. The viscosity data were taken 

from refs. 29-33. 

 

Solvents T 

(K) 

η 

(cP) 

𝝉𝑫 

(μs) 

Acetone 293 0.32 45±2 

Acetonitrile 293 0.37 50 

Ethanol 298 1.09 115 

Acetic acid 298 1.12 125 

Propanol  298 1.95 190 

Butanol  298 2.53 215 

Pentanol 298 3.47 295±13 

Octanol 298 7.59 515±35 

Decanol 298 11.51 1140 

Ethylene glycol 298 16.63 1025±40 
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Figure 3.6 Plot of 𝑙𝑜𝑔[𝜏𝐷] vs 𝑙𝑜𝑔[𝜂 𝑇⁄ ] for (a) acetamide–urea DES [f CH3CONH2 + (1-f) 

CO(NH2)2, f = 0.6] and (b) normal molecular solvents. 

3.3 Conclusion 

In summary, the present work employs three different spectroscopic techniques, namely, FCS, 

TA and OKE, to explore and characterize the dynamic heterogeneity aspect of a non-ionic DES 

made of acetamide and urea via temperature dependent measurements in the range 322 ≤

𝑇/𝐾 ≤ 373. Reference FCS measurements with the same dipolar solute in several common 

solvents at room temperatures have been carried out for interpreting the observed fractional 

viscosity dependence of average solute diffusion in terms of dynamic heterogeneity of the 

medium under study. A comparison of the FCS data between the DES and common solvents 

does reflect a dynamic heterogeneity, albeit moderate, for the DES studied. Solvent rotational 

times also show deviation from the SED prediction for homogeneous media, and reflect a 

relatively stronger dynamic heterogeneity than that by dynamic Stokes shift and FCS 

measurements. In addition, the OKE data indicate that the picosecond components in the total 

solvation response, arise from the rotational diffusion of the solvating particles, whereas the 

sub-picosecond response originates from the low frequency collective solvent modes, such as, 

inter-molecular vibrations and librations. The detection of a strong ultrafast solvation response 

in the ~100 fs domain, an observation hitherto un-explored for this DES, and finding the origin 

of the picosecond solvation components, are new and novel aspects of this study. Reference 

measurements for solute’s centre-of-mass diffusion in common room temperature solvents 

have also been done here for the first time to generate a better interpretation of the observed 

fractional viscosity dependence of average relaxation times in terms of dynamic heterogeneity. 
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In this chapter, I have studied a hydrophobic DES comprising of lauric acid and menthol 

(LA/Men DES). Here, I have examined the structure and dynamics of LA/Men DES through 

steady-state emission, solvation dynamics, time-resolved fluorescence anisotropy, and 

translational diffusion dynamics. The emission spectra of coumarin 153 (a solvatochromic dye) 

was found to be independent of excitation wavelength suggests that LA/Men DES is spatially 

homogenous. Decoupling (p = 0.63) of the average solvation time 〈𝜏𝑠〉 from medium viscosity 

suggests the presence of dynamic heterogeneity in the system. Rotational time 〈𝜏𝑟〉, which 

reflects the nature of the first solvation shell, shows little decoupling (p = 0.81), suggesting it 

to be fairly dynamically homogeneous at a shorter length scale (within first solvation shell). 

An Arrhenius-type analysis also proves that rotation is mainly controlled by medium viscosity. 

Translational diffusion time 〈𝜏𝐷〉 which provides information over a larger length scale, is 

found to be strongly decoupled from medium viscosity (p = 0.29). This indicates that at a larger 

length scale, the DES is quite dynamically heterogeneous. The slow component of solvation 

time, which is believed to originate at a larger length scale, correlates well with the translational 

diffusion timescale having similar activation energies. This suggests that their origin is same. 

Expectedly, for the long component of solvation time, the decoupling is quite strong (p = 0.30). 

Overall, the study demonstrates the structure and dynamics of the LA/Men DES, and the 

existence of length scale-dependent heterogeneity has been proposed. In simple, this study has 

found that, although the viscosity of LA/Men DES is low, some molecular motions are highly 

hindered. Further study of this system with scattering experiments and simulations could give 

a complete picture and confirm the finding of this study.   
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4.1 Introduction 

Most of the available DESs are ionic and hydrophilic in nature.1-3 This limits its use in organic 

chemistry as a ‘solvent’ as hydrophobic molecules may not be soluble or have low solubility 

in ionic DES. As described in chapter 1, hydrophilic DESs are not promising when it comes 

application such as liquid-liquid extraction from aqueous solution. Moreover, DESs, barring 

few,4 are quite viscous, which is not desirable in many applications. In this regard, hydrophobic 

DESs are getting wide attention recently and are finding a lot of applications.5,6 There are ionic 

hydrophobic DESs7,8 based on quaternary ammonium salts, however, those based on terpenes 

(such as menthol and thymol) and fatty carboxylic acids which are non-ionic are gaining a lot 

of popularity.9,10 Terpenes and carboxylic acids are naturally available and many of these 

hydrophobic DESs have considerably low viscosity which is certainly appealing. This has led 

to an increase in scope of DESs as green solvent. A notable example of this class of DES is the 

lauric acid/menthol (LA/Men) DES.9-11 The components of this eutectic mixture are 

biodegradable and naturally available. The freezing point of LA:Men = 1:2 mol ratio eutectic 

composition is ~290 K, which is not far from the freezing points of the pure components.10 

This hydrophobic DES along with several others have found important applications, such as, 

extraction of metal,11,12 micropollutants,13,14 etc.      

The depression of freezing points of these mixtures are not very large, which could be due to 

the presence of weak non-ionic interaction. Also, in many cases, long chain carboxylic acid is 

used as one of the components. As a result, the structure and dynamics of these DESs are 

expected to be different from ionic DESs. A recent report by Cui et al. on non-ionic N-methyl 

acetamide/lauric acid DES suggests the presence of nano-segregation of polar and non-polar 

domains.15 This nano-segregation is similar to that of micelles. In this sense, eutectic mixture 

of N-methyl acetamide and lauric acid is ‘spatially heterogeneous’, which is a result of 

‘environmental segregation’ driven by hydrophobic and hydrophilic interactions.15  

Structure and dynamics of mainly ionic and hydrophilic DESs have been explored to a good 

extent.16-23 But, despite the tremendous importance of hydrophobic DESs, its structural and 

dynamical characterization has not been explored extensively. It has now been established that 

ionic DESs are dynamically heterogeneous.16,17,19,20,22,23 While, non-ionic DESs of acetamide 

and urea are mildly heterogeneous18, more such systems should be identified and explored to 

some degree of generalisation. Recently, we showed that in non-ionic acetamide-urea DES 

(which is hydrophilic) the solvation time has a relatively weak fractional power dependence on 

𝜂 𝑇⁄  (p ~ 0.845) indicating a feeble dynamically heterogeneous character of the DES.21 Probe 

rotation also shows a similar value of p (~0.96) in this DES.18 These results lead us to believe 
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that non-ionic DESs are nearly dynamically homogeneous. However, a recent report on non-

ionic DES of glucose, urea and water says otherwise.24 This non-ionic DES showed 

pronounced signature of dynamic heterogeneity (p ~ 0.3-0.5) from the view of probe rotation. 

Further study is required to conclude the behaviour of associated and non-associated non-ionic 

DESs. However, for non-ionic DESs such studies are rare and one can ask a simple question: 

Are non-ionic hydrophobic DESs dynamically heterogeneous like the ionic ones?  

Along a similar line of studies, I have presented here the nature of viscosity decoupling of 

solvation, rotational and translational diffusion in non-ionic hydrophobic LA/Men DES.   

4.2 Results  

4.2.1 Viscosity measurement  

The measured values of viscosities of LA/Men (1:2 mol ratio) DES at different temperatures 

are given in table 4.1. 

Table 4.1 Measured values of viscosities of LA/Men (1:2 mol ratio) DES at different 

temperatures. 

Temperature 

(K) 

Viscosity 

(cP) 

298 23.95 

303 18.69 

308 14.90 

313 12.17 

318 9.85 

323 8.22 

328 6.21 

333 5.30 

338 4.64 

343 3.92 

348 3.33 

353 2.92 

 

4.2.2 Steady-state measurements  

Figure 4.1a shows normalized steady-state absorption and emission spectra of C153 in LA/Men 

DES at room temperature. The absorption and emission maxima are found to be 24,040 cm-1 

(416 nm) and 19,685 cm-1 (508 nm), respectively. We have used first moment frequencies25 of 

the absorption and emission (according to equation 4.1) to calculate the Stokes shift of C153 

in LA/Men DES, which turns out to be 5440 cm-1. Typically for non-polar solvents like 

cyclohexane and 2-methylbutane, the observed first moment Stokes shift for C153 is ~4,350 
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cm-1 and for polar solvents like methanol and acetonitrile its value is ~6,000 cm-1.26 We 

compared the observed Stokes shift of C153 in LA/Men DES with standard solvents as shown 

in figure 4.1b. The result clearly indicates that LA/Men DES is non-polar and is like 

tetrahydrofuran, benzyl alcohol and cyclohexanone. The absorption and emission spectrum of 

C153 in this DES is found to be temperature insensitive in the measured temperature range of 

298 K to 353 K (see figures 4.2). C153 emission spectrum in LA/Men DES does not depends 

on the excitation wavelength (see figure 4.1c).  

 𝜈𝐹𝑀 =
∫ 𝜈𝐼(𝜈)𝑑𝜈
∞

0

∫ 𝐼(𝜈)𝑑𝜈
∞

0

 4.1 

 

 
 

Figure 4.1 Steady-state measurements of solvatochromic dye, coumarin 153 (C153) in 

LA/Men DES. (a) Typical steady-state absorption (blue) and emission (red) spectra of C153 at 

298 K. (b) Plot of Stokes shift of C153 as a function orientation polarizability (Δf) for 

benchmarking the polarity of DES. Black filled circles are reference solvents and the red filled 

square is LA/Men DES. The data for the reference samples are taken from J. Phys. Chem. 1995, 

99, 17311−17337 (ref. 26). Black line is the best linear fit of the data reference data points. The 

shaded region represents the 95% confidence band of the fit coefficient. (c) Excitation 

wavelength dependence of emission spectra of C153 in LA/Men DES. The concentration of 

C153 is kept around 10 M for steady-state measurements. 
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Figure 4.2 Temperature dependent (a) absorption and (b) emission spectra of C153 in LA/Men 

DES. 

4.2.3 Time-resolved measurements 

4.2.3.1 Solvation dynamics studied by time dependent fluorescence Stokes shift 

Time-resolved emission spectra (TRES) were constructed employing traditional method by 

measuring wavelength dependent fluorescence transients across the steady-state emission 

spectrum(section 2.5).27 Figures 4.3a and 4.3b shows typical fluorescence transients of C153 

in LA/Men DES at 440 nm and 590 nm at two different temperatures (298 K and 343 K). A 

slow rise component and an ultrafast decay component is observed at the longer and shorter 

wavelengths, respectively. Such observation indicates a slow solvent relaxation dynamics of 

the media. As mentioned earlier, these transients were fitted with sum of exponential function 

to obtain fit parameters (𝛼𝑖 and 𝜏𝑖). Using these fit parameters along with steady-state emission 

spectra, TRES was constructed as elaborated in chapter 2 (see figures 4.3c, 4.3d). Following, 

the solvent correlation function was constructed (using equation 2.18) for the system at 

different temperatures, which are shown in figure 4.3e. TRES constructed for other 

temperatures are shown in figure 4.4. All the C(t)s were fitted with bi-exponential function that 

gave two time constants. The amplitude of the shorter time component increases with 

increasing temperature. The fit parameters along with average solvation time 〈𝜏𝑠〉 are tabulated 

in table 4.2. 

The average solvation time at 298 K is found to be 1670 ps with a total dynamic Stokes shift 

of 1550 cm-1. On increasing the temperature, the average solvation time becomes faster and the 

observed dynamic Stokes shift also decreases. At 343 K, the values become 470 ps and 1400 

cm-1, respectively. This shows a strong temperature dependence of solvation dynamics in 
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LA/Men DES. Usually, the observed dynamic Stokes shift is found to be less than the total 

ideal Stokes shift because usual experiment cannot capture the ultrafast regime (sub 100 fs or 

sub 100 ps, depending on the experimental method).28  

We estimate the time-zero spectra of C153 in DES following the method proposed by Fee and 

Maroncelli.29 The time-zero spectra can be estimated from the steady-state absorption and 

fluorescence spectra as30  

 𝜈𝑒𝑚,𝑚𝑑
𝑝

(𝑡𝑟𝑢𝑒0) = 𝜈𝑎𝑏,𝑚𝑑
𝑝

− {𝜈𝑎𝑏,𝑚𝑑
𝑛𝑝

− 𝜈𝑒𝑚,𝑚𝑑
𝑛𝑝

} 4.2 

where the superscripts “p” and “np” refer to the polar (i.e. LA/Men DES in the present case) 

and nonpolar medium, respectively, and the wavenumbers here are not the values at maxima 

but correspond to the midpoint. The midpoint wavenumber is given by𝜈𝑚𝑑 =
(𝜈−+𝜈+)

2
where 𝜈− 

and 𝜈+ are the low and high wavenumbers on the half-height points of the spectrum. 

Cyclohexane is used as the nonpolar solvent in the present work. The maximum wavenumber 

at time zero, 𝜈𝑒𝑚
𝑝
(𝑡𝑟𝑢𝑒0), is estimated as the sum of 𝜈𝑒𝑚,𝑚𝑑

𝑝
(𝑡𝑟𝑢𝑒0) and the difference 

between the midpoint and maximum wavenumber in the steady-state fluorescence spectrum of 

the same system. Using the value of 𝜈𝑒𝑚
𝑝
(𝑡𝑟𝑢𝑒0) the total ideal Stokes shift is found to be 

~1730 cm-1, which is independent on the temperature. The observed Stokes shift in the present 

study is about 10-20 % less than the ideal value, which implies that we have not missed any 

significant portion of the solvation dynamics in our experiment.  
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Figure 4.3 Representative fluorescence transients of C153 in LA/Men DES at 440 nm (blue 

circles) and 590 nm (red circles) at (a) 298 K and (b) 343 K. Dashed line is the instrument 

response function (IRF) and black solid lines represent the multi-exponential fit to the 

transients. Representative reconstructed normalized time resolved emission spectra (TRES) of 

C153 in LA/Men DES using the fitting parameters of the transients at (c) 298 K and (d) 343 K. 

The solid lines are the log-normal fit to the data points. (e) Solvent response function, C(t), of 

C153 in LA/Men DES at different temperatures. Black solid lines represents the bi-exponential 

fit. 

 

Table 4.2 Bi-exponential fitting parameters of solvent response function, C(t), of C153 in 

LA/Men DES at different temperatures.  

Temp 

(K) 
𝝂𝒆𝒎(𝟎) 

(cm-1) 

𝝂𝒆𝒎(∞) 

(cm-1) 

Observed 

Stokes shift  

(cm-1) 

% 

miss 

𝒂𝟏 𝝉𝟏 

(ps) 

𝒂𝟐 𝝉𝟐 

(ps) 

〈𝝉𝒔〉
 

(ps) 

298 21000 19450 1550 10% 0.53 800 0.47 2660 1670a 

303 21000 19450 1550 10% 0.59 700 0.41 2529 1450 

308 21000 19450 1550 10% 0.63 555 0.37 2290 1200a 

313 21000 19450 1550 10% 0.67 455 0.33 2160 1020 

323 20950 19450 1500 13% 0.72 360 0.28 1980 810 

333 20900 19450 1450 16% 0.72 270 0.28 1600 640 

343 20850 19450 1400 19% 0.80 210 0.20 1500 470a 
a  50 ps 
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Figure 4.4 Reconstructed TRES of C153 in LA/Men DES at different temperatures indicated 

in each panel in Kelvin.   

Solvent relaxation or solvation dynamics is a complex process involving various molecular 

motions including libration, rotation and translation. Here we are focussing on average 

solvation dynamics to begin with. The extent of decoupling of the average solvation time 〈𝜏𝑠〉 

on the 𝜂 𝑇⁄  ratio of the medium is examined through the log-log plot of 〈𝜏𝑠〉 vs 𝜂 𝑇⁄  as shown 

in figure 4.5 and the extent of fractional power dependence (p) is found to be 0.63. This 

decoupling points towards the presence of dynamic heterogeneity in LA/Men DES.  

 

 

Figure 4.5 Log-log plot of average solvation time, 〈𝜏𝑠〉, against 𝜂 𝑇⁄  with linear fit (black solid 

line). Error bar indicates standard deviation from three independent measurements. 
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4.2.3.2 Solute rotation studied by time-resolved fluorescence anisotropy  

In order to assess nature of the viscosity decoupling of solute rotation, time-resolved 

fluorescence anisotropy experiment was performed using C153 as the solute. Representative 

fluorescence anisotropy decay, r(t), of C153 in LA/Men DES at two temperatures are shown 

in figure 4.6a (see figure 4.7 for complete data set). As expected, C153 undergoes a faster 

rotation as temperature increases.  

 

 

Figure 4.6 (a) Fluorescence anisotropy decay, r(t), of C153 in LA/Men DES at different 

temperatures along with the bi-exponential fits (solid black lines). (b) Log-log plot of average 

reorientational time, 〈𝜏𝑠〉, against 𝜂 𝑇⁄  with linear fit (black solid line). Error bar indicates 

standard deviation from three independent measurements.  

 

Table 4.3 Bi-exponential fitting parameters of fluorescence anisotropy decay, r(t), of C153 in 

LA/Men DES at different temperatures.  

Temperature 

(K) 

𝒂𝟏 𝝉𝟏 

(ps) 

𝒂𝟐 𝝉𝟐 

(ps) 

〈𝝉𝒓〉
 

ps 

298 0.18 550 0.15 2950 1641a 

303 0.15 440 0.15 2150 1295 

308 0.17 410 0.13 1900 1056a 

313 0.18 390 0.13 1400 814 

318 0.17 310 0.13 1150 674 

323 0.16 280 0.13 900 558 

328 0.18 320 0.11 750 483a 

333 0.17 280 0.11 650 425 

338 0.20 280 0.08 600 371 

343 0.17 240 0.08 500 323a 

348 0.20 240 0.05 500 292 
a  50 ps  
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The decays were fitted with bi-exponential function and fitting parameters along with the 

average reorientational time constants at different temperatures are given in table 4.3. Ideally 

the value of r0 (= a1 + a2) should be 0.4 for isotropic ground state distribution of C153 under 

the approximation of excitation photo selection when the absorption and emission dipoles are 

co-linear. However, in this case the value of r0 found to be 0.33 for 298 K, which gradually 

decreased to 0.25 at 348 K. The lower value of r0 may be because of the large IRF (150 ps) of 

our TCSPC setup. Log-log plot of 〈𝜏𝑟〉 vs 𝜂 𝑇⁄  is shown in figure 4.6b. Linear fit of this plot 

shows that the average rotational time of C153 has a fractional power dependence on the 

medium viscosity with p = 0.81, which is a slight deviation from hydrodynamic Stokes-

Einstein-Debye (SED) prediction.  

 

 

Figure 4.7 Fluorescence anisotropy decay of C153 in LA/Men DES at different temperatures 

along with fitting. 

4.2.3.3 Solute translational diffusion studied by fluorescence intensity autocorrelation  

Translational diffusion characteristics of a fluorescent molecule (R6G) in LA/Men DES is 

studied at the single molecular level through FCS measurement.27,30,31 The normalized 

fluorescence intensity autocorrelation function (𝐺(𝜏)) at some representative temperatures are 

shown in figure 4.8a. Anomalous diffusion model (equation 2.22) with anomalous coefficient 

𝛼 = 0.85-0.91 fits the 𝐺(𝜏) slightly better as compared to normal diffusion (equation 2.21). A 

representative fitting comparison for 298 K is shown in figure 4.8b (see figure 4.9 for data at 

all the temperatures). Here to note that the value of 𝜏𝐷 obtained from the two models differs 

only by 10 %. Since anomalous model gives better fit, diffusion time obtained from this model 

is taken for further analysis. The value of translational diffusion time 𝜏𝐷 at 298 K is found to 

be 1870 s, which decrease to 900 s on increasing the temperature to 353 K (see table 4.4 for 
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complete data). Figure 4.8c shows Log-Log plot of 𝜏𝐷 against 𝜂 𝑇⁄  with a linear fit showing a 

large fractional power dependence of translational diffusion time on the medium viscosity (p 

~ 0.29).  

 

 

Figure 4.8 (a) Some representative autocorrelation function delineating the translational 

diffusion of R6G in LA/Men DES at some chosen temperatures. (b) Fitting comparison with 

normal (equation 6) and anomalous (equation 7) diffusion models of the fluorescence 

autocorrelation data at 298 K. The corresponding fitting residuals are also shown. (c) Log-log 

plot of translational diffusion time, 𝜏𝐷, against 𝜂 𝑇⁄  with linear fit (black solid line). Error bar 

indicates standard deviation from three independent measurements.  

 

Table 4.4. Fitting parameters of fluorescence autocorrelation function of R6G in LA/Men 

DES along with the viscosities at different temperatures. 

Temperature 

(K) 

𝝉𝑫
a 

(s) 

298 1870 

303 1640 

308 1470 

313 1370 

318 1460 

323 1180 

328 1200 

333 1120 

338 1100 

343 1010 

348 990 

353 900 
a  50 s 
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Figure 4.9. Fluorescence autocorrelation function of R6G at different temperatures in LA/Men 

DES along with their fitting. 

4.3 Discussion 

LA/Men DES turns out to be highly non-polar (see figure 4.1b), yet we do not see any 

vibrational fine structures. The absence of vibrational fine structure indicate the presence of 

solute-solvent interaction.33 This interaction is probably through hydrogen bonding considering 

the constituents of the DES. The absence of excitation wavelength dependence on the emission 
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spectra of C153 in this DES (see figure 4.1c) suggests that either all the fluorophores are in 

similar environment or the solvent relaxation is fairly fast compared to the lifetime of the 

fluorophore. Thus we presume that LA/Men DES is spatially homogeneous or at least, the 

presence of heterogeneity could not be captured during the time of the measuring event (in this 

case during the excited state life-time of C153, i.e. ~ 5.3 ns). If latter is the case (i.e. if DES is 

heterogeneous), we should observe an appreciable viscosity decoupling of the solvation time, 

which is the manifestation of the presence of spatially heterogeneous dynamics, usually 

referred to as dynamic heterogeneity.  

The solvation time of LA/Men DES is found to be considerably long (at 298 K 〈𝜏𝑠〉 = 1670 ps, 

see table 4.2). Note that we have missed about 10% of total solvation in our study and we 

propose the presence of sub 100 ps solvation component in the system, though its magnitude 

is only 10%. Thus the origin of the solvation dynamics in this case is presumed to be due to the 

diffusive rotation and translation34 with a small contribution of inter-molecular vibration and 

damped rotation.35 Nevertheless, a detailed computer simulation and dielectric relaxation 

experiment is required to confirm this. Interestingly, we observed a viscosity/temperature 

decoupling of solvation time in LA/Men DES with p = 0.63, which suggests the decoupling of 

molecular motions from the viscosity. The observed dynamic heterogeneity is not large but is 

more than acetamide/urea DES where solvation was found to decouple from the viscosity to a 

lesser extent (p ~ 0.84).21 Plausible reason could be the size of the constituent molecules and 

the nature of the interaction involved. In the case of acetamide/urea DES, the constituent 

molecules are of similar shape, size, and functionality and are much smaller than probe 

molecule. Therefore it might behaves like a solvent of single component (like normal solvent). 

While in the case of DES under investigation, the constituent molecules (LA and Men) are 

vastly different from each other in terms of their size, shape and functional group. As a result, 

one can expect the resulting mixture to be different from non-ionic acetamide/urea DES. LA 

being a surfactant like long chain fatty acid has a possibility to form micelle like structure, 

which results in the deviation from the Stokes-Einstein (SE) and/or Stokes-Einstein-Debye 

(SED) predicted molecular motion (𝐷 ∝ 𝑇 𝜂⁄ ). One such similar DES based on lauric acid and 

N-methyl acetamide was found to have micelle like structure with hydrophobic and hydrophilic 

regions.15 If such structures exist, the solvent molecules in this restricted environment will have 

difficulty to undergo diffusive motion, especially reorientation. This prediction is supported by 

the large solvation time in LA/Men DES. Note that in glycerol/choline chloride DES, which 

has relatively high viscosity (259 cP at 298 K), the average solvation time (〈𝜏𝑠〉) is ~338 ps36 

with the same probe and in acetamide/urea DES (~12 cP at 328 K) the solvation time is ~20 ps 
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with DCM as a probe.21 In the present study, the solvation time 〈𝜏𝑠〉 is 1670 ps while the 

viscosity is only ~24 cP at 298 K.  

The absence of spatial heterogeneity and mild viscosity decoupling of average solvation time 

basically indicate that the environment of the solvation spheres of C153 in LA/Men DES is 

somewhat uniform. Next, we intend to check the viscosity decoupling of two solvation time 

components separately. We observed a similar viscosity decoupling of the fast component (p 

= 0.69) that of the average solvation time, however, for long component, the decoupling is 

quite strong (p = 0.30) as depicted in figure 4.10. Here to note that the origin of the short 

component is believed to be the immediate solvation shell, whereas, contribution from 

extended solvation shell is likely to be contributed in the long component of solvation 

dynamics. In the latter case, diffusive rotation and translation are important. Thus we propose 

that LA/Men DES is both spatially and dynamically homogeneous upto a certain length scale 

(probably within the first solvation shell), but, dynamically heterogeneous beyond that. 

 

Figure 4.10. Log-log plot of different components of solvation dynamics of C153 in LA/Men 

DES against 𝜂 𝑇⁄  with linear fit (solid black like). For comparison, viscosity decoupling of 

average solvation time, 〈𝜏𝑠〉, is also shown (dotted line).  

To test this, we studied the fluorescence anisotropy of C153 in LA/Men DES, which should 

reflect the nature of the first solvation shell. Here, we observed two time components of the re-

orientation dynamics (table 4.3). Without a detail analysis on the origin of the biphasic 

anisotropy decay, we focus on the average re-orientational time (〈𝜏𝑟〉) of C153. The rotational 

dynamics of C153 is found to be slightly decoupled from viscosity/temperature (p = 0.81). The 

observed small deviation of molecular rotation from hydrodynamic SED relationship could be 

due to the distribution of the probe molecules in environments of different mobility. Here also 

a micelle like structure could be pictured wherein solutes could be present at different locations. 

Viscosity decoupling of molecular rotation has been observed in many DESs.16,17,19,20,24 The 
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fractional dependence in acetamide-urea DES is p ~ 0.9618 and in acetamide-LiNO3/Br DES is 

p ~ 0.55.17 Here to note that the rotational dynamics measured through fluorescence de-

polarization experiment (as in the present case) basically reflects the hindrance of its local 

environment and a value of p = 0.81 indicates that the deviation of C153 rotation from the 

predicted SED is not large. The rotation is dictated mostly by the viscosity. Thus we conclude 

that the immediate solvation spheres of C153 in LA/Men DES is quite uniform among them, 

leading to a fairly spatially homogeneous environment, as evidenced from the excitation 

wavelength dependent emission measurement and mild viscosity decoupling of the fast 

component of solvation dynamics.  

To ensure the proposed length scale of persistent homogeneity (i.e. solvation sphere), we 

studied the viscosity/temperature dependence of the translational diffusion of a probe molecule 

(R6G), where the probe diffuse through a longer distance and capture the picture beyond the 

solvation shell. R6G is found to undergo anomalous sub-diffusion in LA/Men DES (see figure 

4.8b), which means that the mean square displacement (MSD) is proportional to 𝑡𝛼(𝛼 < 1) 

where 𝛼 is the anomalous coefficient.37 Similar diffusion was observed in FCS study of choline 

chloride/ethylene glycol and acetamide/urea DES.19,21 The 𝛼 value is found to be 0.85-0.91 for 

the present case, which is not very far from the unity. The observed anomalous diffusion could 

be a result of refractive index mismatch of immersion liquid (water in this case) and DES (𝑛𝐷 =

1.44) and therefore, could be misleading.38 Dual-focus FCS can resolve this problem, which is 

currently not available with us. From the temperature dependent FCS measurement a strong 

viscosity/temperature decoupling of the translational diffusion is observed (p = 0.29, see figure 

4.8c). Thus LA/Men DES turns out to be quite dynamically heterogeneous at a larger length 

scale. As mentioned, the long component of solvation also shows a similar value of p (= 0.30) 

as the origin of the long component is probably outside of the solvation shell. Note, the mild 

extent of decoupling for rotational dynamics and short component of solvation dynamics 

indicate that the system is fairly dynamically homogeneous at a short length scale.  

Considering our proposition we anticipated that the activation energies of these molecular 

processes (i.e. solvation, rotation and translation) should be uncorrelated and will be different 

than the activation energy of the viscous flow. Assuming these processes are nearly linear 

function of inverse temperature in the studied temperature range, we estimated the associated 

activation energies as shown in figure 4.11. The activation energies are found to be 𝐸𝑎(𝜏𝑠) = 

23.2 kJmol-1, 𝐸𝑎(𝜏𝑟) = 29.9 kJmol-1, 𝐸𝑎(𝜏𝐷) = 10.5 kJmol-1 and 𝐸𝑎(𝜂) = 33.7 kJmol-1, 

respectively for average solvation, average rotational, translational diffusion and viscosity. 
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This again show only a partially decoupled solvent relaxation from viscosity. Interestingly, the 

activation energy for rotation (29.9 kJmol-1) is nearly similar to that of viscous flow and it 

seems that rotation is governed solely by viscosity. In a same line of analysis of dynamic 

heterogeneity of solvation, we then checked the activation energies for the fast and slow 

components of solvation. As proposed, the fast component of solvation probably originates 

within the first solvation shell and for slow solvation component, the involvement of solvent 

molecule outside the solvation shell is envisaged. Thus we expected that the activation energy 

for the fast component of solvation will be different compared to the slow component, and the 

latter should match well with the activation energy of translational diffusion. This is exactly 

what we observed. The activation energies for the fast and slow component of solvation are 

found to be 25.5 and 11.2 kJmol-1, respectively. The activation energy for translational 

diffusion is also found to be 10.5 kJmol-1, which is almost same as the long component of the 

solvation. The observed correlation of activation energies between (i) slow solvation 

component and translational diffusion, (ii) rotation and viscosity and (iii) average solvation and 

viscosity enforces our proposition of length dependent dynamic heterogeneity in LA/Men DES. 

The system is closely dynamically homogeneous at short length scale, while it is dynamically 

heterogeneous at larger length scale. 

 

 

Figure 4.11 Arrhenius plot of (a) viscosity, (b) average solvation time, 〈𝜏𝑠〉, (c) fast and slow 

component of solvation dynamics, (d) average probe reorientation time, 〈𝜏𝑟〉, and (e) probe 
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translational diffusion time, 𝜏𝐷, in LA/Men DES. Activation energies in each panel was 

obtained from slope of the linear fits (black solid line).  

 

4.4 Conclusions 

The main findings of this study are (i) Emission spectra of solvatochromic dye in lauric acid – 

menthol (LA/Men) DES does not depend on the excitation wavelength suggesting it to be 

spatially homogenous. (ii) The possibility of micelle like domains in LA/Men DES has been 

anticipated from the observed long solvation time compared to the DES having similar 

viscosities. LA being a surfactant like long chain fatty acid, such a possibility is logical. (iii) A 

little but definite decoupling (p = 0.63) of average solvation time, 〈𝜏𝑠〉, from the medium 

viscosity suggests the presence of a mild dynamic heterogeneity in the system. To have the 

idea about the relative heterogeneity along length scale, the individual solvation parameters are 

subjected to further analysis. The short component, which is believed to be originated from the 

immediate solvation shell is not that much viscosity decoupled (p = 0.69). However, the long 

component, that probably originated from the extended solvation shell, is highly viscosity 

decoupled (p = 0.29). It appears that the first solvation shell is fairly homogenous, but beyond 

that there is heterogeneity. (iv) Rotational time, 〈𝜏𝑟〉, which should reflect the nature of the first 

solvation shell shows a little decoupling (p = 0.81) suggesting at shorter length scale the solvent 

is fairly homogenous. (v) Translational diffusion, 𝜏𝐷, that provides information at the large 

length scale, is strongly decoupled from medium viscosity (p = 0.29). This suggests that at a 

larger length scale the solvent is quite dynamically heterogenous. (vi) Using Arrhenius 

equation, we observed correlation of activation energies between (a) slow solvation component 

and translational diffusion and (b) fast solvation component, rotation and viscosity. This 

enforces our proposition of length dependent dynamic heterogeneity in LA/Men DES. The 

main finding of this report is summarised in scheme 4.1. Overall, our result demonstrates the 

structure and dynamics of the non-ionic LA/Men DES and the extent of heterogeneity as a 

function of the length scale has been contemplated. Probably, for the first time, we have tried 

to set a correlation between various dynamics in a DES using Arrhenius equation. We believe 

such an approach will help to understand the origin of unique structural features of DESs in 

future. 
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Scheme 4.1 Schematic representation of heterogeneity at different length scale in LA/Men 

DES. 
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Solvation dynamics study (with 70 ps instrument response) of DESs based on acetamide and 

LiBr/NO3 missed about 50 % of the Stokes shift dynamics despite considerable its bulk 

viscosity. In this chapter, fluorescence up-conversion (∼250 fs instrumental response) coupled 

with time correlated single photon counting measurements was used to explore the complete 

Stokes shift dynamics of a dipolar solute probe, coumarin 153 (C153), in several ionic 

acetamide deep eutectic solvents (DESs) that contained lithium nitrate/bromide/perchlorate as 

electrolyte. Combined measurements near room temperature reflected a total dynamic Stokes 

shift of approximately 800–1100 cm–1 and triexponential solvation response functions. 

Interestingly, the average rate of solvation became faster upon successive replacement of 

bromide by nitrate in these deep eutectics, and a sub-picosecond time scale emerged in the 

measured solvation response when bromide was fully replaced by nitrate. Temperature 

dependent solute diffusion in these deep eutectics at the single molecule level using FCS, 

revealed pronounced fractional viscosity dependence of the solute’s translational motion. 

Subsequently, this partial decoupling of solute translation was attributed to the micro-

heterogeneous nature of these ionic DESs after examining the diffusion–viscosity relationship 

of molecular solvents at room temperature and in a liquid amide solvent at different 

temperatures. 
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5.1 Introduction 

Deep eutectic solvents (DESs) have recently received considerable attention because of their 

potential as host media for large scale and diverse applications in both industrial and 

technological sectors.1-3 . This interest stems from the fact that several DESs offer stable liquid 

phase at or near room temperature although these are prepared via melting of multi-component 

mixtures where individual components are often room-temperature solids.4-12 This introduces 

some sort of ‘metastability’ in the system, which may induce features that are reminiscent of 

deeply super-cooled systems near glass transition.13-16 For example, pronounced fractional 

viscosity dependence of solute and solvent diffusion have been reported for several ionic 

acetamide DESs and subsequently interpreted in terms of heterogeneous molecular relaxations. 

9, 17-19 The unique point here is, however, that such a strong viscosity decoupling has been found 

at temperatures ~100-150 K above the measured thermodynamic glass transition temperatures 

(Tg ~200-220K), and at a timescale much beyond the H-bond lifetime or molecular diffusion 

timescale of the dominant neat molten component of a given DES. Signature of mild 

heterogeneity in relaxation dynamics has been found for several other deep eutectics as well.20-

24 This fuels further research on DESs because medium heterogeneity may influence reactions 

in ways more diverse than conceivable via the static and the dynamic solvent effects25-27 in 

otherwise homogeneous media. 

Solvent static effects arise mainly from the medium static dielectric constant (휀0), and recent 

megahertz-gigahertz (MHz-GHz) dielectric relaxation (DR) measurements21,28 have provided 

semi-accurate estimates of 휀0 for several acetamide containing DESs. Available dynamic 

fluorescence Stokes shift studies, in contrast, report missing of a significant portion of the full 

solvation dynamics, and this missing was attributed to the broad temporal resolution (~85 ps) 

employed in those measurements.17-19 These deep eutectics (made of acetamide and electrolyte) 

are H-bonded systems and such H-bonded systems are expected to generate sub-picosecond 

solvation response via collective intermolecular vibrations and librations.29 Therefore, missing 

of this sub-picosecond response in those measurements is understandable. The missing 

amplitude was calculated via the Fee-Maroncelli method,30 which allows one to estimate the 

time-zero emission frequency (νem(t = 0)), that is, solute emission frequency immediately 

after laser excitation) from the steady state absorption spectrum of the solute in a polar medium 

under investigation, and the absorption and emission spectra of the same solute in a reference 

non-polar solvent. However, this method is expected to be semi-accurate if the densities of the 

polar medium and the non-polar reference system (usually a room temperature liquid alkane) 
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are not too different. This density difference is substantial for these deep eutectics (and for 

many ionic liquids) and, as a result, the estimated νem(t = 0) (and hence the missing 

amplitudes) in those studies might be associated with large errors. Experimental technique 

providing sub-picosecond temporal resolution, for example, fluorescence up-conversion 

measurements, is suitable in such scenarios to locate the νem(t = 0) and detect the complete 

fluorescence Stokes shift dynamics. Once the solvation response is fully characterized in this 

way, analyses of dynamic solvent effects on reactions occurring in these media become more 

meaningful. Moreover, these complete measurements will act as a positive feedback for 

qualitatively understanding the available DR data for several (acetamide+electrolyte) deep 

eutectics because of the inter-relationship between DR and dynamic fluorescence Stokes shift 

measurements. 

Another important aspect that demands a rigorous investigation is the pronounced fractional 

viscosity (η) dependence of solute solvation and rotation times in several ionic acetamide 

DESs, represented by 〈𝜏𝑥〉 ∝ (𝜂 𝑇⁄ )𝑝(equation 1.5), with p ~ 0.4-0.7 and T being the 

temperature.17-19 This deviation from the hydrodynamic viscosity dependence (that is, 

deviation from p = 1) has been observed with an aspherical solute (coumarin 153, C153), and 

for a  solute-solvent size ratio, R ~ 2 (assuming both acetamide and C153 as spheres with 

diameters ~4 Å and ~8Å, respectively).21,31 In these studies solute rotation was followed by the 

dynamic fluorescence anisotropy measurements, while information on solvent translation was 

accessed indirectly (and through interpretation) from the dynamic fluorescence Stokes shift 

experiments. However, the coupling between the solute’s centre-of-mass diffusion 

(translational diffusion) and the medium viscosity was not directly tracked in any of these 

measurements. A direct information along the line of ‘translation-rotation decoupling’ reported 

for deeply super-cooled systems is therefore still lacking. In addition, an answer to the question 

“how dynamically heterogeneous are these deep eutectics compared to otherwise homogeneous 

media?” is not known yet. This is because the extent of temporal heterogeneity interpreted from 

the deviation of p from unity for these DESs has not been referenced against systematic 

measurements employing the same solute in either a series of conventional molecular solvents 

at ambient condition or in a single solvent at different temperatures. One of the foci of the 

present work is to explore plausible answers to these queries by performing fluorescence 

correlation spectroscopic measurements, and comparing the diffusion-viscosity coupling 

observed for DESs against that obtained for conventional molecular solvents.  
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5.2 RESULTS AND DISCUSSION 

5.2.1 FCS measurement: FCS study was performed in DESs at varying temperatures using 

R6G as a probe molecule. We mostly relied on R6G owing to its good fluorescence quantum 

yield. Figure 5.1a shows the normalized fluorescence autocorrelation curve for R6G in 

0.78CH3CONH2+0.22LiNO3 DES at different temperatures. A representative fit to the FCS 

data (collected at 353 K) along with the residuals are shown in figure 5.1b.  
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Figure 5.1 (a) Normalized FCS data for rhodamine 6G (R6G) in 

[0.78CH3CONH2+0.22LiNO3] DES at different temperatures. (b) FCS data for 

[0.78CH3CONH2+0.22LiNO3] DES at 353 K for R6G along with fits (single and two-diffusion 

components using equation 2.21 and equation 2.23, respectively), and the corresponding 

residuals (lower panel) for a comparison. 

 

Table 5.1 Fit parameters obtained by using two-diffusion components (equation 2.23) for R6G 

in [0.78CH3CONH2+0.22LiNO3] DES at different temperatures. 

Temperature 

(K) 

Viscosity 

(cP) 

𝑵𝟏 𝝉𝑫𝟏
  

(μs) 

𝑵𝟐 𝝉𝑫𝟐
 

(μs) 

〈𝝉𝑫〉 
(μs) 

303 210.57 0.64 997 0.38 18137 7359 

308 152.37 (a) 0.62 904 0.34 17661 6896 

318 82.24 0.63 825 0.36 14313 5720 

323 62.32 (a) 0.66 852 0.34 14400 5529 

328 47.57 (a) 0.67 850 0.32 14311 5198 

333 39.35 0.65 657 0.34 11447 4387 

338 29.49 (a) 0.68 732 0.30 12134 4253 

343 24.11 (a) 0.69 797 0.29 12329 4248 

348 21.59 0.66 643 0.29 11103 3820 

353 17.52 (a) 0.70 623 0.27 12159 3861 

a=These viscosity coefficients were extra/interpolated from the known viscosity data.17 
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Because the diffusion times are relatively longer in all the DESs,17,18 the triplet-state decay 

appears distinctly at the shorter time region in the autocorrelation curve. Therefore, the data 

before 100 μs containing the triplet contribution was omitted during the data analysis. Here, a 

single diffusion component is anticipated, as only one kind of species is present in the sample. 

However, the single diffusion model (equation 2.21) did not fit the data well and a second 

diffusion component (equation 2.23 and 2.24) was incorporated in order to achieve a better 

description of the data (see figure 5.1b). Note that the need for the second diffusion component 

might have arisen from the inherent heterogeneity of the system, which was reflected in the 

excitation wavelength dependence of the fluorescence emission in these mixtures.17 Clearly, a 

bimodal diffusion model describes the autocorrelation curve better than the single diffusion 

model and therefore, two diffusion model had been used throughout. Comparison of the fits for 

the remaining 0.78CH3CONH2+0.22{fLiBr+(1-f)LiNO3} DESs are shown in figure 5.2. These 

data, upon fit to bimodal diffusion model, provided two time scales differing by almost two 

orders of magnitude. For 0.78CH3CONH2+0.22LiNO3 DES at 353 K, the longer time constant 

is ~ 12,000 μs while the shorter one is ~600 μs (see table 5.1 for the data at 353 K and for other 

temperatures as well). The diffusion time of R6G in water (in the same instrumental settings) 

is in the order of 50 μs, indicating a pronounced impact of viscosity for R6G diffusion in these 

DESs. We would like to mention here that a similar bimodal diffusion model was required to 

adequately describe the FCS data for ionic liquids (ILs).32-34 This necessity of the bimodal 

diffusion model was interpreted in terms of the spatial heterogeneity. Moreover, the FCS study 

also could reveal a bimodal diffusion behaviour of a solute in less viscous DES (ethaline, 36 

cP at 298 K) although no excitation wavelength dependence of steady state fluorescence 

emission was observed.1,22 This indicates that bimodality in diffusion is not always completely 

dictated by the solution spatial heterogeneity (commonly expected for high viscous media35,36) 

and may originate from the temporally heterogeneous dynamics, inherent to the medium.21,37  

Earlier FCS measurements of neat ionic liquids have reported a distribution of local diffusion 

coefficients of a single dissolved solute and interpreted in terms of spatial heterogeneity.38 Such 

a reflection of spatial heterogeneity has also been registered on subnanosecond relaxation 

dynamics in spatially heterogeneous media.39,40 Nonexponential relaxation dynamics have 

been witnessed even for solute rotational dynamics in otherwise homogeneous media.41 All 

these indicate that the time-profile of the underlying microscopic friction regulates the nature 

of the long-time diffusive dynamics, and as a result, the idea of multiple solutes diffusing in 

different microscopic domains possessing disparate relaxation times may not be necessary to 

explain the anomalous or multiexponential relaxation kinetics at long times. For such 
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inherently nonhomogeneous relaxation processes, therefore, the average relaxation rate is a 

better descriptor than the separate individual rates for exploring the coupling between the 

relaxation rate and the macroscopic medium friction. 

Subsequently, the amplitude-weighted diffusion time 〈𝜏𝑎𝑣𝑔〉, were obtained from the bimodal 

fits as follows 

 〈𝜏𝑎𝑣𝑔〉 =
𝑁1𝜏𝐷1 + 𝑁2𝜏𝐷2

𝑁1 + 𝑁2
 5.1 

where 𝜏𝐷𝑖(i=1,2) denotes the diffusion time constant associated with the amplitude 𝑁𝑖. This 

average diffusion time at different temperatures (see table 5.1) are now used to explore the 

nature of viscosity coupling of the solute translational diffusion in the DESs considered here. 

Figure 5.3 shows 〈𝜏𝐷〉 for R6G as a function of temperature-reduced viscosity (𝜂 𝑇⁄ ) in double-

logarithmic fashion for 0.78CH3CONH2+0.22{fLiBr+(1-f)LiNO3} DESs with various 

fractions (f) of Br− ion. Lines through the data points represent the following general viscosity 

dependence, 〈𝜏𝐷〉 ∝ (𝜂 𝑇⁄ )𝑝 with 0 < 𝑝 ≤ 1, where 𝑝 = 1 denotes the predicted 

hydrodynamic behaviour42 for a large spherical solute diffusing through a solvent continuum. 

Significant deviation of p from unity is evident for all Br− fractions observed here. This 

suggests a break-down of the hydrodynamic description of solute diffusion in these highly 

viscous DESs. 
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Figure 5.2 FCS data for various DESs using R6G as the probe molecule. 

 



118 
 

-3 .4 -3 .2 -3 .0 -2 .8 -2 .6 -2 .4 -2 .2

lo
g

[
<


a
v

g
>

/(


s
)
]

3 .5

3 .6

3 .7

3 .8

3 .9
(a )  f= 0 .0

p = 0 .2 6

-3 .0 -2 .8 -2 .6 -2 .4 -2 .2 -2 .0 -1 .8

4 .1

4 .2

4 .3

4 .4

4 .5 (b )  f= 0 .4

p = 0 .3 1

lo g [ ( /T ) /(P /K )]

-3 .0 -2 .8 -2 .6 -2 .4 -2 .2 -2 .0 -1 .8 -1 .6

lo
g

[
<


a
v

g
>

/(


s
)
]

4 .2

4 .3

4 .4

4 .5

4 .6

4 .7

(c )  f= 0 .6

p = 0 .3 3

lo g [ ( /T ) /(P /K )]

-2 .8 -2 .6 -2 .4 -2 .2 -2 .0 -1 .8 -1 .6 -1 .4

3 .9

4 .0

4 .1

4 .2

4 .3

4 .4
(d )  f= 1 .0

p = 0 .3 5

 

Figure 5.3. Log-log plot of R6G average diffusion time, 〈𝜏𝑎𝑣𝑔〉, as a function of temperature-

reduced viscosity, η/T, in [0.78CH3CONH2+0.22{fLiBr+(1-f)LiNO3}] DESs (at f=0.0 (a), 0.4 

(b), 0.6 (c) and 1.0 (d)) using R6G as the probe molecule. The straight lines going through the 

data describe fits to the following expression:𝑙𝑜𝑔[〈𝜏𝑎𝑣𝑔〉/(𝜇𝑠)] = 𝐴 + 𝑝 × 𝑙𝑜𝑔[〈𝜂 𝑇⁄ 〉/

(𝑃 𝐾⁄ )]. Values of p signify the extent of viscosity decoupling for R6G translational diffusion 

in these ionic DESs. Error bars are representative and obtained from a limited set of 3-4 repeat 

measurements. 

Subsequently, FCS measurements were performed for R6G in 0.81CH3CONH2+0.19LiClO4 

DES, and the autocorrelation function was best fitted to a two-diffusion models as before (see 

figure 5.4a). Figure 5.4b shows the viscosity dependence of 〈𝜏𝑎𝑣𝑔〉 and, the value of p in this 

case is found to be 0.58, which also suggests a considerable deviation from the hydrodynamic 

description.  
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Figure 5.4 Autocorrelation curve measured for R6G in [0.81CH3CONH2+0.19LiClO4] DES at 

353 K along-with fits and residuals (a), and the viscosity dependence for the corresponding 

average diffusion times (b). Viscosity coefficients used here are from Ref. 18. 

According to Stokes-Einstein relationship, diffusion constant (D) is proportional to 𝑇 𝜂(𝑇)⁄
 

and 𝜏𝐷 ∝ 1 𝐷⁄  (equations 1.2 and 1.4, respectively). This leads to the prediction that 𝜏𝐷 ∝

𝜂(𝑇) 𝑇⁄  from Stokes-Einstein relation and it is expected to have a slope of unity in the log-

log plot of 𝜏𝐷 and 𝜂(𝑇) 𝑇⁄ . In the studied temperature range the slope of log-log plots (figures 

5.3 and 5.4b) for various DESs is found to be significantly less than unity and thus indicates a 

break-down of hydrodynamic viscosity dependence of solute diffusion in these highly viscous 

DESs (0.25<p<0.6). This deviation may be an indication of dynamic heterogeneity resulting 

either from spatially varying diffusive relaxation rates due to inhomogeneous solution structure 

or from accessing the non-hydrodynamic modes, such as, translational jumps by the particles 

in motion.43,44 Such jumps can be facilitated by increasing the medium viscosity through 

lowering solution temperature.45 Whatever be the origin for this fractional viscosity 

dependence, one needs to ascertain whether this partial viscosity dependence is a characteristic 

feature of the relaxation dynamics in these DESs or the diffusion of R6G is inherently 

anomalous regardless of the solvent condition.  
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Figure 5.5 Representative normalized autocorrelation function for R6G in N, N-dimethyl 

formamide (DMF) at 293 K fitted with single diffusion component. Normalized autocorrelation 

curves for R6G in N, N-dimethyl formamide (DMF) at various temperatures showing faster 

decay with increasing temperature. 

For a cross-examination, we investigated the temperature dependent translational motion of 

R6G in a normal solvent, N,N-dimethyl formamide (DMF). DMF was chosen because this is 

closely chemically related to acetamide and non-associative. Autocorrelation function for R6G 

in DMF at various temperatures is given in figure 5.5. Log-log plot of 〈𝜏𝐷〉 vs 𝜂(𝑇) 𝑇⁄  is shown 

in figure 5.6. A linear fit to this log-log plot yields a slope (p) ~0.82, suggesting a fractional 

viscosity dependence of R6G translational diffusion even in a normal low viscous neat solvent 

like DMF (η ~0.8 cP at 298 K).46 However, this deviation from the Stokes-Einstein behaviour 

(that is, p=1) could be attributed to R6G being aspherical, positively charged, and the solvent 

(DMF) not being a structureless continuum. The temperature dependence in DMF therefore act 

as a reference for correctly realizing the break-down of the hydrodynamics for R6G diffusion 

in these high viscous ionic DES, and for appropriately interpreting the observation in terms of 

medium temporal heterogeneity. The fractional viscosity dependence of the R6G translational 

diffusion time, 〈𝜏𝑎𝑣𝑔〉 ∝ (𝜂(𝑇) 𝑇⁄ )𝑝 with p ~ 0.25-0.6, can now be ascribed to the pronounced 

temporal heterogeneity of these ionic DESs. In addition, the p values indicate that the 

acetamide+LiClO4 DES is relatively less temporally heterogeneous than the corresponding 

NO3
−/Br− containing DESs. Strikingly, these fractional values for the exponent p is quite 

similar to those obtained earlier (p~0.35 for NO3
−/Br− and ~0.57 for ClO4

− containing DESs)17,18 

from the viscosity dependence of average solvation times measured via dynamic fluorescence 

Stokes shift experiments employing TCSPC technique with a temporal resolution of ~85 ps. 

The origin of such a similarity arises from the viscosity-controlled solvation response at longer 
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times, and the subsequent dominance of this slow diffusive timescale in determining the 

average solvation times.  
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Figure 5.6 Log-log plot of R6G in N, N-dimethyl formamide (DMF) with a slope of 0.82 sets 

a reference point for the comparison of a normal solvent and DES. The DMF viscosities at 

different temperatures are given in references 46 and 47. 

The observation of a strong fractional viscosity dependence of the centre-of-mass diffusion 

time for R6G, 〈𝜏𝑎𝑣𝑔〉, leads one to examine whether the measured diffusion times follow the 

Arrhenius-type temperature dependence. This is natural given that the viscosities of these ionic 

DESs exhibit a temperature dependence similar to those by several ionic liquids and glycerol18 

in the temperature range, 300 < 𝑇 𝐾 < 350⁄ . These DESs therefore may reflect fragile-liquid 

like behaviour through the non-Arrhenius dependence of diffusion times. Figure 5.7 shows the 

temperature dependence of 〈𝜏𝑎𝑣𝑔〉 in these DESs, and in dimethyl formamide (DMF). The 

DMF data are representative for temperature dependence of R6G centre-of-mass diffusion in a 

non-hydrogen bonded small molecular solvent, which may act as a reference for the analysis 

of the DESs data. Clearly, 〈𝜏𝑎𝑣𝑔〉 in these DESs show Arrhenius-type dependence in the 

temperature range, 303 ≤ T K ≤ 353⁄ . Quite interestingly, the Arrhenius-type temperature 

dependence is also found for R6G diffusion in DMF, which is a low viscous and homogeneous 

solvent in this temperature regime. The Br−composition dependent activation energy, 𝐸𝑎
𝐹𝐶𝑆, 

ranges between ~12-21 kJmol-1 in these DESs, and increases with the increase in Br− 

concentration in the system. For the ClO4
−containing DES, the activation energy is ~24 kJmol-

1. For DMF, in contrast, 𝐸𝑎
𝐹𝐶𝑆 is ~9 kJmol-1 which is ~1.5-2.5 times less than those estimated 

for DESs under consideration.  
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Figure 5.7 Estimation of activation energy (Ea) associated with R6G translational diffusion in 

[0.78CH3CONH2+0.22{fLiBr+(1-f)LiNO3}] DES, [0.81CH3CONH2+0.19LiClO4] DES and 

DMF.  

The anion dependence of the 𝐸𝑎
𝐹𝐶𝑆 is analysed in table 5.2 where a comparison is made among 

activation energies estimated from the previous temperature dependent measurements of time-

resolved fluorescence anisotropies and Stokes shifts (both employing C153), and temperature 

dependent viscosities. In addition, the values of the fraction power (𝑝) determined from the 

viscosity dependence of the average solute solvation and rotation times are summarized in this 

table to correlate observation from different measurements. Note in this table that the viscosity 

activation energy (𝐸𝑎
𝜂
) is the highest for acetamide + LiBr DES (~58 kJmol-1) among the three 

single electrolyte containing DESs studied here, and 𝐸𝑎
𝜂
 for the other two DESs are very similar 

(~44 kJmol-1). This can be understood in terms of the viscosity ranges that these three DESs 

cover within the temperature window employed (see Table 5.3 a, b, c and d). However, 𝐸𝑎
𝐹𝐶𝑆 
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is the highest for acetamide + LiClO4 DES, and the lowest for acetamide + LiNO3 DES. This 

indicates that the friction from the macroscopic viscosity does not fully control the centre-of-

mass diffusion of R6G in these DESs, and the extent of coupling to the viscosity depends on 

the identity of the anion present in the system. This is to be contrasted to the findings for DMF 

where 𝐸𝑎
𝐹𝐶𝑆 ≈ 𝐸𝑎

𝜂
, reflecting the fact that the centre-of-mass diffusion for R6G in this amide 

solvent is completely regulated by the medium viscosity. It is worth noting that the highest 

activation energy suggest the strongest coupling of the solute translation/rotation to the 

viscosity, and as a result, 𝑝 values obtained from different measurements are the largest for 

acetamide + LiClO4 DES among the three DESs studied here. Moreover, 𝑝 values from FCS 

measurements are smaller than those from the time-resolved fluorescence anisotropy 

measurements, suggesting a stronger viscosity decoupling for solute translation than solute 

rotation. The latter observation, however, associates with measurements employing two 

different solutes and thus warrants further investigation. Difference in 𝑝 values among 

experiments also explains the difference in activation energies estimated from different 

experiments and demonstrate that different measurements probe different motions. 

 

Table 5.2 A comparison of activation energy (Ea) and fractional power (p) calculated from 

different experiments like FCS, time-resolved fluorescence anisotropy (DA) and solvation 

dynamics (SD) in acetamide + LiBr/NO3/ClO4 DESs and DMF. 

Systems Ea 

(FCS/

R6G) 

kJ/mo

l 

𝒑 

(FCS/

R6G) 

Ea 

(DA/C153) 

kJ/mol 

𝒑 

(DA/ 

C153) 

 

Ea 

(SD/C153) 

kJ/mol 

𝒑 

(SD/ 

C153) 

Ea(𝜼) 

kJ/mol 

𝐁𝐫− 21.1 0.35 31.48  0.50 26.72  0.37 58.27  

𝐍𝐎𝟑
− 12.3  0.26 30.06  0.66 23.13  0.43 44.07  

𝐂𝐥𝐎𝟒
− 24.0  0.58 35.40  0.75 30.05  0.57 44.34 

DMF 9.4 0.82 - - - - 8.79 

 

Table 5.3 Temperature dependent viscosity coefficients for DESs and DMF.  

 

 

 

 

 

 

(b)*Acetamide+LiNO3 

T (K)  (cP) 

303 210.57 

313 109.25 

318 82.24 

333 39.35 

348 21.59 

363 12.73 

 

(a)*Acetamide+LiBr 

T (K)  (cP) 

303 1311.90 

313 534.025 

318 360.49 

333 134.53 

348 64.88 

363 22.13 

 



124 
 

 

Table 5.3 (continued) Temperature dependent viscosity coefficients for DESs and DMF.  

 

 

 

 

 

 

 

 

 

 

 

*These data taken from references 17(a,b), 18(c) and 46 and 47 (d). 

Subsequently, we analyse in table 5.4 the dependence of the activation energy and fraction 

power for the R6G centre-of-mass diffusion on 𝐵𝑟− concentration in the acetamide + LiBr/NO3 

DESs. Data in this table clearly indicate that the activation energy, 𝐸𝑎
𝐹𝐶𝑆, increases 𝑎𝑠𝐵𝑟− 

concentration increases in the system. Interestingly, the fraction power, 𝑝, decreases with the 

𝐵𝑟− concentration. Similar trend for the fraction power has also been observed earlier from the 

dynamic anisotropy measurements employing C153 in these DESs.17 Note here that 𝜂 increases 

with 𝐵𝑟− concentration in these DESs, and this trend is reflected in the 𝐸𝑎
𝐹𝐶𝑆. This increased 

solution viscosity then leads to stronger decoupling of the solute translation from the medium 

viscosity. 

Table 5.4 Anion dependence of activation energy (from FCS) and fractional power (p) for R6G 

translational diffusion in acetamide + LiBr/NO3 DESs. Fractional power (p) from time-

resolved fluorescence anisotropy of C153 is also given for comparison. 

𝒇𝑵𝑶𝟑
− 𝒇𝑩𝒓− Ea 

(FCS/R6G) 

kJ/mol 

𝒑 

(FCS/R6G) 

𝒑* 

(DA/C153) 

 

1 0 12.3 0.35 0.66 

0.6 0.4 17.2 0.33 0.55 

0.4 0.6 20.4 0.31 0.54 

0 1 21.1 0.26 0.50 

*Value taken from reference 17. 

(d)*DMF 

T (K)  (cP) 

293 0.864 

303 0.766 

313 0.684 

323 0.617 

333 0.559 

343 0.510 

353 0.470 

 

(c)*Acetamide+LiClO4 

T (K)  (cP) 

303 158.36 

308 115.64 

313 86.98 

318 66.54 

323 52.10 

328 33.74 

333 29.11 

338 26.84 

343 23.77 

348 19.62 
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5.2.2 Femtosecond fluorescence up-conversion experiments: Fluorescence transients of 

C153 in DESs of acetamide and various electrolytes (LiBr, LiClO4 and LiNO3) were measured 

at various wavelengths from 470 nm to 590 nm by exciting at 375 nm and 390 for picosecond 

and femtosecond studies, respectively. Fluorescence transients from the femtosecond up-

conversion were fitted with equation 2.8. The fitted parameters of fluorescence transients at 

various wavelengths combined with steady state emission spectra were used to reconstruct time 

resolved emission spectra (TRES) as described in chapter 2, which are shown in figure 5.8. 

The plots of the time evolution of peak frequency were obtained by merging peak frequencies 

obtained from femtosecond and picosecond experiments. It is thus possible to detect nearly full 

Stokes shift dynamics in these DESs by combining these two techniques. Following this, the 

solvent correlation function was constructed (using equation 2.18), which are shown in figure 

5.9. Triple-exponential function was required to adequately fit the data and the fit parameters 

are summarized in table 5.5. 
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Figure 5.8 Reconstructed time resolved emission spectra (TRES) for C153 in 

[0.78CH3CONH2+0.22{fLiBr+(1-f)LiNO3}] DESs at f=0.0 (top left panel), 0.4 (top middle 

panel), 0.6 (top right panel) and 1.0 (bottom left panel) and in [0.81H3CONH2+0.19LiClO4] 

DES (bottom right panel) from fluorescence up-conversion and picosecond TCSPC 

experiments.  
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Figure 5.9 C(t) curves and corresponding peak frequency shifts obtained from the combined 

TCSPC and fluorescence up-conversion measurements for [0.78CH3CONH2+0.22{fLiBr+(1-

f)LiNO3}] DESs (at f=0.0, 0.4, 0.6 and 1.0) and [0.81H3CONH2+0.19LiClO4] DES at 298 K. 

Tri-exponential fit was used for each C(t).  
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Table 5.5 Stokes shift and fitted parameter of C(t) curve obtained by merging fluorescence up-

conversion and TCSPC data for [0.78CH3CONH2+0.22{fLiBr+(1-f)LiNO3}] DESs using 

C153 as the probe molecule at 298 K. Last row in the table shows fitting parameters obtained 

for [0.81 CH3CONH2+0.19LiClO4] DES using C153 as the probe molecule. 

 

DES Stokes shift 

(cm-1) 

𝒂𝟏 𝝉𝟏 

(ps) 

𝒂𝟐 𝝉𝟐 

(ps) 

𝒂𝟑 𝝉𝟑 

(ps) 

〈𝝉𝑺〉 

(ps) 

𝒇𝑵𝑶𝟑−= 1  860 0.14 0.1 0.38 250 0.48 2300 1199 

𝒇𝑵𝑶𝟑−= 0.6  1000 0.14 0.7 0.43 310 0.43 2000 993 

𝒇𝑵𝑶𝟑−= 0.4  810 0.22 2.6 0.32 320 0.46 2250 1137 

𝒇𝑩𝒓−= 1  950 0.14 3.4 0.49 360 0.37 2370 1053 

𝐂𝐥𝐎𝟒
− 1100 0.25 0.9 0.40 210 0.35 2250 871 

 

Dynamic Stokes shift magnitudes obtained from combined femtosecond fluorescence up-

conversion and picosecond TCSPC measurements, as summarized in table 5.5, suggest that the 

shifts for C153 in these ionic DESs are rather low, and nearly half of what have been reported 

via complete measurements for moderate-to-strongly polar common solvents,31 ionic 

liquids,48,49 and its aqueous binary mixtures.50,51 What is even more striking is that the shift 

magnitudes (~800–1100 cm-1) from the present combined measurements are quite close to 

those from TCSPC measurements reported earlier.17,18 This is intriguing because this close 

similarity suggests a substantial break-down of the inter-molecular H-bond network of liquid 

acetamide21,43,52 in these molten (acetamide+LiX) systems, resulting negligible contributions 

to the early part of the Stokes shift dynamics. This switching off of the contributions from the 

collective low frequency modes derives some support from IR observations53 of ‘no spectral 

evidence of any residual inter-amide H-bonds’ in mixtures of N-methylpropionamide and 

LiClO4. Interestingly, femtosecond Raman-induced Kerr effect spectroscopic (fs-RIKES) 

measurements54 indicated substantial weakening of the inter-acetamide H-bond dynamics, 

supporting the view that the collective low frequency intermolecular amide modes cannot 

contribute to the Stokes shift dynamics in these ionic acetamide deep eutectics, as much as 

found in neat liquid formamide and its derivatives.31 Also notable here is that the present 

combined measurements, if considered to have detected the full dynamics in these systems, do 

not agree with the estimated missing percentages (~30-40%) reported earlier based on TCSPC 

measurements.17,18 This is because the density difference between the current systems under 
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study (~ 1.22 g/cc),54 and a reference solvent, usually a liquid alkane, which in our case is 

cyclohexane with ~0.77 g/cc)55 used for estimating the time-zero emission spectrum via the 

Fee-Maroncelli method.30 

Solvation response functions shown in figure 5.9 and the corresponding tri-exponential fit 

parameters summarized in table 5.5 demonstrate that the shortest initial fast solvation response 

timescale of ~100 fs in acetamide+LiNO3 DES gradually lengthens upon successive 

replacement of 

3NO  by Br  and finally converts to a timescale of a few picoseconds in 

acetamide+LiBr DES, although the amplitude of this fast component remains within ~15–

22 %. This presence of sub-picosecond component in acetamide containing DESs was expected 

based on observations for neat liquid amides,31 but was totally missed in the previous 

measurements because of broader temporal resolution.17,18 In fact, the detection of this fast 

component renders the measured solvation response functions in these ionic DESs a tri-

exponential character that also features sub-nanosecond and nanosecond components of nearly 

equal amplitudes (~30–50 %). Interestingly, the sub-picosecond solvation response slows 

down and finally become a picosecond dynamics in the exclusive presence of Br . In 

acetamide+LiClO4 DES also, the fast initial time constant is about a picosecond, supporting 

the view of a possible softening of the inter-amide H-bond network in these ionic DESs. In 

fact, this ion-specific disappearance of the sub-picosecond solvation response in a H-bonded 

system is a new observation, and warrants further study for establishing the generality of this 

observation. Note also that the present combined measurements not only uncover the fast initial 

solvation response but also place the slowest solvation component firmly in the nanosecond 

domain, up-scaling the earlier reported average solvation times from sub-nanosecond to 

nanosecond. What is even more interesting here (as was before) is that this slowest nanosecond 

timescale does not show much system dependence although viscosity varies by nearly an order 

of magnitude.17,18 This indicates substantial decoupling of diffusive solvent motions from 

medium viscosity, which is proposed to have originated via non-hydrodynamic moves, such 

as, jumps punctuated by waiting times by recent simulation studies.43,44 

Next we address briefly the origin of the three distinct time scales that characterize the 

measured solvation response functions for these DESs. Our previous theoretical analyses and 

model calculations9,17 predicted that the inclusion of an underdamped collective solvent mode 

centered around 100 cm–1 (arising from intermolecular H-bonds among acetamide molecules) 

could lead to an ultrafast solvation response with a time scale in the subpicosecond regime. We 

believe that these low frequency collective modes involving the intermolecular acetamide H-
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bond network generate the initial solvation response with time scale in the subpicosecond 

regime which, upon substantial softening through interaction with anions, lead to a slowing 

down to the picosecond regime. Such a proposition of anion-induced softening of 

intermolecular H-bond network in amide solvents should be re-examined in tera-Hertz 

measurements and appropriate simulations. Calculations of orientational and translational 

dynamic structure factors in those previous works9,17 also suggested that the subnanosecond 

solvation time scales (0.2–0.4 ns in the present measurements) in these DESs originate from 

the nearest-neighbor ion density fluctuations and the collective orientational density 

fluctuations of the acetamide molecules. The nanosecond time scale (here ∼2–2.5 ns), in 

contrast, might have arisen from the orientational solvent density fluctuations at the nearest 

neighbour length scales. However, these predicted origins are based on model calculations and 

in the absence of reliable experimental DR data over a broad frequency range. Once such DR 

data are made available, better understanding of contributions of ion and solvent density 

fluctuations at these length scales in carrying out solvation energy relaxations in these media 

can be generated and the origin of solvation time scales ascertained. 

 

5.3 Conclusions 

To conclude, the present work demonstrates, via FCS measurements of ionic deep eutectics 

and normal solvents, that these acetamide+LiX DESs are strongly temporally heterogeneous 

even at a temperature ~100-150 K above their respective glass transition temperatures. 

Pronounced fractional viscosity dependence has been found for solute translational diffusion 

while tracking the centre-of-mass motion through the FCS measurements. FCS data for the 

same solute in normal solvents have been collected to construct a reference for interpreting the 

corresponding data for these ionic DESs in terms of temporal heterogeneity. Combined 

fluorescence up-conversion and TCSPC measurements have revealed presence of ultrafast sub-

picosecond solvation response which got slowed down to picosecond dynamics upon complete 

replacement of nitrate ion by bromide ion. Such an ion-induced slowing down of initial fast 

dynamics is ascribed to substantial softening of inter-amide H-bond network in these deep 

eutectics. Further measurements with a variety of electrolytes and protic solvents are required 

to generalize this new and novel observation. Computer simulations with realistic potentials 

capable of representing inter-molecular H-bonding may complement such experimental 

endeavours by revealing the microscopic details of the solution structure for understanding the 

relaxation dynamics in terms of ion-induced modification of the H-bond network. X-ray or 

neutron scattering measurements along the line of what has been done for alkylammonium 
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bromide + glycerol DESs56 coupled with relevant simulations57 as well as that for acetamide + 

+ urea DES58 can shed further light on the static structures of the ionic deep eutectics studied 

here. 
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Although DESs have emerged as an excellent alternative solvents, most of the DESs reported 

are ionic, and to the best of our knowledge, only a handful of non-ionic DESs are available, 

which are liquid at room temperature. Non-ionic DESs may be desirable in applications such 

as organic synthesis because many reactants might not dissolve in ionic media. Here, we 

rationally design and report a new ternary non-ionic DES comprising of acetamide, urea, and 

sorbitol, which is liquid at the room temperature. I reported temperature dependent refractive 

index (𝑛𝐷), sound velocity (u), density (), and dynamic viscosity () in this DES. This study 

shows that the third component in the DES has a strong impact on its physico-chemical 

properties.  

 

 

 

 

 

 

 

 

 

 

 

 

  



139 
 

6A.1 Introduction 

The search for a better solvent with desired property without compromising the safety, cost, 

and availability is a never-ending pursuit.1-3 Among all, deep eutectic solvents (DESs) have 

emerged as one of the most important alternative solvents owing their several advantages 

(chapter).4-6 A large number of commercially available and natural compounds can be used to 

prepare DESs with desired properties.4-8 There have been considerable interests in the 

development of natural deep eutectic solvents (NADESs) derived from naturally available 

materials.9,10 

Most of the DESs are ionic by virtue of at least one of the constituents being ionic.4-7 Naturally, 

organic solutes might be only sparingly soluble in ionic DES, and therefore, limit the use of 

DESs in various applications. Non-ionic DESs can overcome this issue. However, only a few 

non-ionic DESs are known till date11-19, and there is a huge need to develop new ones.Among 

various applications and interests, understanding the behavior of proteins in DES is very 

important, which has gained considerable attention in recent times.20-28 Few studies have shown 

that proteins are stable in some DESs (chapter 1), which otherwise is nearly impossible/difficult 

to stabilize in solvents other than water (or buffer).20,23,24,26,27 However, most of these DESs are 

heterogeneous. Given that a protein is a very complex entity, understanding its behaviour in 

heterogeneous media comes with additional difficulty. To eliminate this extra complexity, we 

searched for homogeneous DES and found that urea/acetamide non-ionic DES is probably the 

only choice. However, the problem with urea/acetamide DES is that it is not liquid at room 

temperature. There are many other example in ref. 19 where non-ionic eutectic mixtures have 

high melting point. Therefore, we felt a need to develop new non-ionic and room temperature 

DESs. In addition to this, since hydrophobic DESs are already known, development of non-

ionic hydrophilic DESs completes the spectrum of DESs in terms of polarity.  

The rest of our paper describes the rational design, preparation, and characterization of a non-

ionic ternary DES derived from urea, acetamide, and sorbitol. We determined the ternary phase 

diagram and found that the DES is liquid at room temperature at a wide range. We also 

measured some important physical properties, e.g., refractive index (𝑛𝐷), sound velocity (v), 

density (), and dynamic viscosity (η) of this new non-ionic DES denoted by [xAc+yUr+zSr], 

where x, y, and z represent the mole fractions of acetamide, urea, and sorbitol, respectively. 
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Rational Design of a non-ionic room temperature DES 

We decided to start with urea acetamide DES as it is known to be nearly homogenous (follow 

Stokes-Einstein-Debye relation) and a non-ionic DES. We can lower the melting point of this 

further by adding an additional compound. Firstly, the compound must be non-ionic for our 

purpose, and secondly, it should interact strongly with the other two constituents. Note that the 

interspecies interaction is mainly hydrogen bonding in the case of non-ionic DES. As a result, 

we decided to use a non-ionic compound that has a potential to form hydrogen bond with urea 

and acetamide. Our first choice was sugar, and we chose sorbitol, among others. It is the open 

form of glucose. We envisaged that its inherent flexibility (due to open chain unsaturated 

nature) would enable sorbitol to form efficient hydrogen bonding compared to closed chain or 

unsaturated compound. Moreover, such inherent flexibility will allow interaction in all 

directions. In fact, MD simulation has proved that sorbitol can form more H-bond than its 

closed-form analog, glucose.29  

6A.2 Results and Discussion 

6A.2.1 Solid-liquid phase diagram 

The exact determination of the freezing point of non-ionic DES of acetamide, urea, and sorbitol 

is quite tricky as they undergo glass transition at lower temperatures. This property might have 

been imparted from the sorbitol itself as it is known to supercool once it melts.30 Therefore, a 

solid-liquid phase diagram was qualitatively determined for two temperatures (253 K and 

298 K), as shown in figure 6A.1, and further experiments were carried on with the mixtures in 

the liquid region.  
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Figure 6A.1 Ternary solid-liquid phase diagram for the mixture of acetamide, urea, and 

sorbitol. Black dots represent the experimental points. 

6A.2.2 Refractive index measurement 

The refractive index is an important physical property that gives an idea about the system's 

electronic polarization. The extent of polarization can be realized from the electronic 

polarizability (𝛼). It is related to the refractive index by Lorentz-Lorenz equation as31-34 

 𝛼 = [
3

4𝜋𝑁𝐴
] [
𝑛2 − 1

𝑛2 + 2
]𝑉𝑚 6.1 

and, 

 𝑅𝑚 = [
𝑛2 − 1

𝑛2 + 2
]𝑉𝑚 6.2 

Here, 𝑁𝐴, 𝑅𝑚 and 𝑉𝑚 are Avogadro number, molar polarizability and molar volume, 

respectively. Measured refractive indices of non-ionic DES [xAc+yUr+zSr] with various mole 

fractions of acetamide (x), urea (y), and sorbitol (z) are tabulated in table 6A.1. Refractive 

indices are relatively higher than many common solvents and fall in the range of 1.49–1.52. 

Here, like in many known solvents,35-37 ionic liquids38,39 and deep eutectic solvents,31,40,41 

refractive indices decrease with increasing temperature (see figure 6A.2) and shows nearly 

linear dependence. In the absence of sorbitol, the refractive index for acetamide/urea DES has 

been reported to be around 1.38–1.39.42. Thus, the presence of sorbitol makes a considerable 

difference in the refractive index. Using the above equations, molar polarizability and free 
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volume (𝑓𝑚 = 𝑉𝑚 − 𝑅𝑚) was calculated for [0.3Ac+0.2Ur+0.5Sr] DES as shown in the 

appendix of this chapter.  

Table 6A.1 Refractive indices (𝑛𝐷) of non-ionic DES [xAc+yUr+zSr] at different temperatures. 

The error was estimated for three samples and are shown in the table.  

DES Refractive indices at various temperatures (K) 

 293 298 303 313 323 333 

0.3Ac+0.2Ur+0.5Sr 1.5098 1.5085 1.5072 1.5049 1.5024 1.4998 

0.3Ac+0.3Ur+0.4Sr 1.5077 1.5066 1.5049 1.5023 1.4998 1.4975 

0.3Ac+0.4Ur+0.3Sr 1.5050 1.5037 1.5024 1.4997 1.4967 1.4942 

0.3Ac+0.45Ur+0.25Sr 1.5015 

±0.0003 

1.5003 

±0.0003 

1.4990 

±0.0003 

1.4966 

±0.0003 

1.4940 

±0.0003 

1.4914 

±0.0003 

0.4Ac+0.3Ur+0.3Sr 1.5004 1.4991 1.4975 1.4952 1.4923 1.4899 

0.2Ac+0.3Ur+0.5Sr 1.5132 

±0.0004 

1.5121 

±0.0004 

1.5110 

±0.0004 

1.5085 

±0.0004 

1.5058 

±0.0004 

1.5034 

±0.0004 

0.1Ac+0.5Ur+0.4Sr 1.5142 1.5134 1.5118 1.5095 1.5072 1.5044 

0.2Ac+0.4Ur+0.4Sr 1.5118 

±0.0004 

1.5105 

±0.0004 

1.5091 

±0.0004 

1.5067 

±0.0004 

1.5044 

±0.0004 

1.5020 

±0.0004 

0.4Ac+0.2Ur+0.4Sr 1.5045 1.5032 1.5017 1.4990 1.4966 1.4939 

 

 

Figure 6A.2. Variation of refractive index of non-ionic DES [xAc+yUr+zSr] as a function of 

temperature. Lines connecting the data points are for eye guide. 

 

6A.2.3 Density measurement 

The experimentally measured densities of non-ionic DES [xAc+yUr+zSr] is given in table 6A.2 

at different temperatures. The measured density ranges between 1.2–1.4 g mL–1 depending on 
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the composition. The density of sorbitol is the highest (1.49 g mL–1) among the three 

components, and apparently, the density of DES is correlated with the proportion of sorbitol 

present. In general, the experimental densities roughly match the calculated densities 

( = 𝑥
𝐴𝑐
+ 𝑦

𝑈𝑟
+ 𝑧

𝑆𝑟
) at room temperature. The plot of density as a function of 

temperature for various DESs under investigation are shown in figure 6A.3. As expected, the 

densities of all the DESs decrease with increasing temperature due to thermal expansion. 

Temperature dependence of density can be well fitted linearly ( = a + bT) in the measured 

temperature range. Fitting parameters are listed in table 6A.3. It is important to note that choline 

chloride and sugar (glucose and fructose) based ionic DES also show such a linear dependence 

of temperature on density.41,43 On the other hand, for DESs based on choline chloride and 

urea/ethylene glycol/glycerol, the density shows a quadratic dependence on the temperature.44-

46  

 

 

Figure 6A.3 Temperature dependence of density of non-ionic [xAc+yUr+zSr] DES. Lines 

connecting the data points are for eye guide. 
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Table 6A.2 Density () of non-ionic [xAc+yUr+zSr] DES at various temperatures.  

DES Density (in g mL–1) at different temperatures (K) 

 293 298 303 308 313 318 323 328 333 338 343 348 353 

0.3Ac+0.2Ur+0.5Sr 1.359 1.355 1.352 1.347 1.344 1.342 1.340 1.337 1.335 1.332 1.329 1.326 1.323 

0.3Ac+0.3Ur+0.4Sr 1.342 1.339 1.338 1.335 1.332 1.329 1.326 1.323 1.321 1.316 1.315 1.309 1.307 

0.3Ac+0.4Ur+0.3Sr 1.341 1.332 1.328 1.323 1.319 1.315 1.312 1.308 1.305 1.301 1.299 1.296 1.293 

0.3Ac+0.45Ur+0.25Sr 1.308 

0.003 

1.304 

0.003 

1.300 

0.003 

1.297 

0.003 

1.293 

0.003 

1.290 

0.003 

1.286 

0.003 

1.282 

0.003 

1.279 

0.003 

1.277 

0.003 

1.273 

0.003 

1.270 

0.003 

1.266 

0.003 

0.4Ac+0.3Ur+0.3Sr 1.311 1.308 1.305 1.302 1.300 1.296 1.293 1.290 1.287 1.285 1.282 1.279 1.277 

0.2Ac+0.3Ur+0.5Sr 1.372 

0.003 

1.368 

0.003 

1.364 

0.003 

1.361 

0.003 

1.358 

0.003 

1.356 

0.003 

1.353 

0.003 

1.350 

0.003 

1.347 

0.003 

1.343 

0.003 

1.340 

0.003 

1.337 

0.003 

1.334 

0.003 

0.1Ac+0.5Ur+0.4Sr 1.364 1.361 1.358 1.355 1.352 1.350 1.348 1.345 1.342 1.339 1.336 1.333 1.331 

0.2Ac+0.4Ur+0.4Sr 1.352 

0.003 

1.349 

0.003 

1.345 

0.003 

1.342 

0.003 

1.340 

0.003 

1.337 

0.003 

1.334 

0.003 

1.331 

0.003 

1.330 

0.003 

1.327 

0.003 

1.324 

0.003 

1.322 

0.003 

1.319 

0.003 

0.4Ac+0.2Ur+0.4Sr 1.334 1.330 1.325 1.322 1.318 1.314 1.311 1.308 1.304 1.300 1.297 1.295 1.292 
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Table 6A.3 Linear fit parameter of density as function of temperature of [xAc+yUr+zSr] DES. 

Fit equation: y=a+bx 

DES a b 

0.3Ac+0.2Ur+0.5Sr 1.52297 -0.00056 

0.3Ac+0.3Ur+0.4Sr 1.51412 -0.00058 

0.3Ac+0.4Ur+0.3Sr 1.55541 -0.00075 

0.3Ac+0.45Ur+0.25Sr 1.50841 -0.00069 

0.4Ac+0.3Ur+0.3Sr 1.47812 -0.00057 

0.2Ac+0.3Ur+0.5Sr 1.54988 -0.00061 

0.1Ac+0.5Ur+0.4Sr 1.52067 -0.00054 

0.2Ac+0.4Ur+0.4Sr 1.50629 -0.00053 

0.4Ac+0.2Ur+0.4Sr 1.53579 -0.00069 

 

6A.2.4 Sound velocity measurement 

Sound velocity is another important thermophysical property of a material.47 Such 

measurement is argued as the only direct way to calculate the isentropic compressibility.48 

However, the acoustic study of DESs is rare in the literature.49-54 The measured sound velocities 

in the DESs under consideration at different temperatures are tabulated in table 6A.4, which 

ranges between 1790–2060 ms–1. The value is comparable to common DESs like reline, 

ethaline, and glycerine.49,52 Plot of sound velocity as a function of temperature is shown in 

figure 6A.4. In general, except water,52,55 sound velocity decreases with increasing 

temperature. In the present case also, the sound velocity is found to decrease linearly with 

increasing temperature. The velocity of the sound (u) is related to the density (𝜌) and adiabatic 

or isentropic compressibility (𝛽𝑠) by Newton-Laplace equation as56,57 

 𝑢 = √
1

𝜌𝛽𝑠
 6.3 

The isentropic compressibility of the DESs under investigation was calculated to be 0.17–0.24 

G Pa–1 depending on the temperature and composition (see table 6A.5). The isentropic 

compressibility of present DESs is more than some of the conventional solvents and ionic 

liquids (see ref. 48, for example) but comparable or less than that of some of the known 

DESs.51,52 
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Table 6A.4 Sound velocity (u) in non-ionic DES [xAc+yUr+zSr] at different temperatures.  

DES Sound velocity (in m/s) at various temperatures (K) 

 323 328 333 338 343 348 353 

0.3Ac+0.2Ur+0.5Sr - - 1982 1970 1961 1950 1942 

0.3Ac+0.3Ur+0.4Sr 1939 1927 1913 1896 1881 1869 1859 

0.3Ac+0.4Ur+0.3Sr 1898 1888 1877 1867 1854 1845 1837 

0.3Ac+0.45Ur+0.25Sr 1899 

6 

1887 

7 

1876 

5 

1860 

5 

1844 

6 

1830 

5 

1817 

4 

0.4Ac+0.3Ur+0.3Sr 1861 1848 1837 1825 1814 1801 1791 

0.1Ac+0.5Ur+0.4Sr - - 2065 2045 2024 2006 1990 

0.2Ac+0.4Ur+0.4Sr - - 1952 

5 

1942 

6 

1932 

6 

1920 

5 

1907 

4 

0.4Ac+0.2Ur+0.4Sr 1917 1902 1883 1866 1848 1836 1824 

 

 

 

Figure 6A.4 Variation of sound velocity in non-ionic DES [xAc+yUr+zSr] as a function of 

temperature. Lines connecting the data points are for eye guide. 
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Table 6A.5 Adiabatic or isentropic compressibility (𝛽𝑠) in per GPa of [xAc+yUr+zSr] DESs 

at various temperatures calculated from Newton-Laplace equation. 

 Adiabatic compressibility (per GPa) at 

various temperatures (K) 

DES 323 333 343 353 

0.3Ac+0.2Ur+0.5Sr - 0.191 0.196 0.200 

0.3Ac+0.3Ur+0.4Sr 0.201 0.207 0.215 0.221 

0.3Ac+0.4Ur+0.3Sr 0.211 0.217 0.224 0.229 

0.3Ac+0.45Ur+0.25Sr 0.216 0.222 0.231 0.239 

0.4Ac+0.3Ur+0.3Sr 0.223 0.230 0.237 0.244 

0.1Ac+0.5Ur+0.4Sr - 0.175 0.183 0.189 

0.2Ac+0.4Ur+0.4Sr - 0.197 0.202 0.208 

0.4Ac+0.2Ur+0.4Sr 0.207 0.216 0.226 0.232 

 

6A.2.5 Dynamic viscosity measurement 

Viscosity is another essential physical property of a solvent and controls the transport property. 

The measured viscosities of present DESs are tabulated in table 6A.6 and depicted in 

figure 6A.5 for various temperatures. In general, the viscosity is very large at lower 

temperatures and could not be measured with the available capillary. The value of viscosity in 

the absence of sorbitol is considerably low (<15 cP)12 and as mentioned earlier, sorbitol vitrifies 

after melting and forms glassy or super-cooled liquid having a very high viscosity. Therefore, 

the high value of viscosity of the DESs under consideration is probably due to the presence of 

sorbitol. Viscosity of [0.3Ac+0.45Ur+0.25Sr] DES is least among the others while viscosity of 

[0.2Ac+0.3Ur+0.5Sr] DES is the largest. With increasing temperature, the viscosity of all the 

DESs decreases. Temperature dependence of viscosity can be adequately described by the 

Arrhenius equation to estimate the activation energy of viscous flow as58,59 

 ln 𝜂 = ln 𝜂∞ +
𝐸𝑎
𝑅𝑇

 6.4 

where 𝐸𝑎 is the activation energy required for the viscous flow and 𝜂∞ is a constant. All the 

DESs data fit well with the above equation, as shown in figure 6A.6, and the fitting parameters 

are tabulated in table 6A.7. The activation energy required for the viscous flow is 61–73 kJ 

mol–1, which is relatively higher than for many other DESs and ionic liquids reported60 in the 

literature. This is probably due to the extensive hydrogen-bonding network in this DES due to 

the presence of sorbitol with six –OH groups. 

Hydrogen bonding interaction is probably the most vital parameter to decipher DES’s 

properties. Recently there are some experimental and computational studies to relate DES’s 
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property to the role of hydrogen bond accepting and donating features of the constituent 

molecules.61-63 In the present case, where the DES is non-ionic, the role of hydrogen bonding 

should become paramount. However, here such a correlation is much difficult compared to the 

traditional DESs because of the constituents' dual character (both HBA and HBD). All three 

constituents of the present DES (i.e. acetamide, urea, and sorbitol) might act both as HBA and 

HBD. Stronger interaction between Ac/Ur/Sor ternary DES components compared to the 

acetamide/urea binary DES can be predicted from higher viscosity and density.71-72 Thus, one 

might expect the possibility of an extended hydrogen-bonding network in the presence of the 

third component. However, the addition of sorbitol to already known acetamide/urea DES or 

the addition of acetamide to already known urea/sorbitol DES decreases the freezing point and 

is against to such a prediction.25 Perhaps, it is not straightforward to draw a conclusion at this 

level, and most probably, the properties of the DES is a cumulative result of many factors. The 

lattice energy of the constituents, modified hydrogen bonding network, geometric constraints, 

hydrophobic effect, and Van der Waals interactions are to name a few. It is almost impossible 

to comment further about the role of individual HBA and HBDs as of now. Understanding the 

role of individual components and bisecting the interactions responsible for DES behavior 

requires further studies. 2D-IR spectroscopy, neutron scattering, and computational studies will 

be helpful in deciphering such understanding. 
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Table 6A.6 Viscosity (η) of non-ionic [xAc+yUr+zSr] DES at various temperatures.  

DES Viscosity (in cP) at different temperatures (K) 

 323 328 333 338 343 348 353 358 363 368 

0.3Ac+0.2Ur+0.5Sr - - - - - 455 309 215 155 116 

0.3Ac+0.3Ur+0.4Sr - - - 416 280 194 138 103 78 60 

0.3Ac+0.4Ur+0.3Sr - 544 347 232 160 116 84 63 49 - 

0.3Ac+0.45Ur+0.25Sr 492  

10 

314  

8 

210 

8 

145  

6 

104  

6 

77 

4 

58  

3 

45 

 3 

35  

2 

28 

2 

0.4Ac+0.3Ur+0.3Sr 574 373 246 167 120 86 64 - - - 

0.2Ac+0.3Ur+0.5Sr - - - - - 501 340 237 170 126 

0.1Ac+0.5Ur+0.4Sr - - - - 449 303 210 150 112 84 

0.2Ac+0.4Ur+0.4Sr - - - 465  

9 

311 

9 

214 

7 

151  

7 

111  

5 

84  

4 

64   

3 

0.4Ac+0.2Ur+0.4Sr - - - 408 274 189 135 101 75 57 
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Figure 6A.5 Plot of viscosity of non-ionic [xAc+yUr+zSr] DES as function of temperature. 

 

 

Figure 6A.6 Arrhenius fit of viscosity as function of temperature.  
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Table 6A.7 Fit parameters for viscosity as a function of temperature of [xAc+yUr+zSr] DES 

using Arrhenius equation. 

DES Log[𝜼𝟎] Ea 

[J/mol] 

Ea 

[kJ/mol] 

0.3Ac+0.2Ur+0.5Sr -11.2837 72842.3 72.8423 

0.3Ac+0.3Ur+0.4Sr -10.7205 66776.5 66.7765 

0.3Ac+0.4Ur+0.3Sr -11.0994 67830.9 67.8309 

 0.3Ac+0.45Ur+0.25Sr -10.4553 62428.7 62.4287 

0.4Ac+0.3Ur+0.3Sr -11.4943 69485.7 69.4857 

0.2Ac+0.3Ur+0.5Sr -11.3414 73514.1 73.5141 

0.1Ac+0.5Ur+0.4Sr -11.0786 70381.2 70.3812 

0.2Ac+0.4Ur+0.4Sr -10.9093 68314.9 68.3149 

0.4Ac+0.2Ur+0.4Sr -10.8003 67240.9 67.2409 

 

6A.3 Conclusion 

In conclusion, we prepared a new non-ionic DESs based on acetamide, urea, and sorbitol. 

Sorbitol, acting as a hydrogen bond donor, is found to facilitate the interspecies hydrogen bond 

interaction. We measured a few important physical properties like refractive index (𝑛𝐷), sound 

velocity (u), density (), and dynamic viscosity (η) at a wide temperature range. We have also 

calculated molar refraction and free volume from the refractive index for DESs under 

investigation. In addition to this, adiabatic compressibility was also calculated using sound 

velocity and density data.  

At this point, it is very difficult to predict why a particular composition shows a higher/ lower 

value of a physical parameter. This is a complex interplay between various forces responsible 

for the formation of DES. A comparison with its binary analogue (i.e., urea/acetamide or 

acetamide/sorbitol) or its aqueous mixtures may give more insight into this. Overall, our report 

expands the knowledge in the hunt for new non-ionic DES and probably offers a rational 

approach in this search.  
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Appendix: Calculation of formula/molar mass (MW), molar volume (𝑉𝑚), molar refraction 

(𝑅𝑚) and free molar volume (𝑓𝑚) of DES. 

 

DES constituents  M (Molecular 

mass) in g/mol 

Acetamide (Ac) 59.07 

Urea (Ur)  60.06 

Sorbitol (Sr) 182.17 

 

𝑀𝑊 = 10[𝑥𝑀(𝐴𝑐) + 𝑦𝑀(𝑈𝑟) + 𝑧𝑀(𝑆𝑟)] 

  

DES MW 

(g/mol 

0.3Ac+0.2Ur+0.5Sr 1208.180 

0.3Ac+0.3Ur+0.4Sr 1086.070 

0.3Ac+0.4Ur+0.3Sr 963.960 

0.3Ac+0.45Ur+0.25Sr 902.905 

0.4Ac+0.3Ur+0.3Sr 962.970 

0.2Ac+0.3Ur+0.5Sr 1209.170 

0.1Ac+0.5Ur+0.4Sr 1088.050 

0.2Ac+0.4Ur+0.4Sr 1087.060 

0.4Ac+0.2Ur+0.4Sr 1085.080 

  

 

Molar volume (𝑉𝑚), molar refraction (𝑅𝑚) and free volume (𝑓𝑚) calculation for 

[0.3Ac+0.2Ur+0.5Sr] DES 

T (K) 𝑽𝒎 

(mL/mol) 

𝒏𝑫 𝑹𝒎 

(mL/mol) 

𝒇𝒎= 𝑽𝒎 -

𝑹𝒎 

(mL/mol) 

293 888.83 1.5098 265.74 623.09 

298 891.68 1.5085 266.02 625.65 

303 893.58 1.5072 266.01 627.56 

308 896.42 - - - 

313 898.32 1.5049 266.40 631.92 

318 900.22 - - - 

323 901.17 1.5024 266.12 635.04 

328 903.06 - - - 

333 904.96 1.4998 266.07 638.89 
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DESs have been shown to be biocompatible and therefore, emerging as a new media for bio-

catalysis. Biomolecules like proteins haven been shown to be stable in DESs while retaining 

its activity. However, only few studies have been devoted to understand the structure and 

activity of proteins in DESs. This work represents a systematic study deciphering the behaviour 

of bromelain in a ternary DES with a composition of acetamide:urea:sorbitol = 0.5:0.3:0.2 

(0.5Ac/0.3Ur/0.2Sor) along with various degree of hydration. The purposefully chosen DES 

here is non-ionic and liquid at room temperature. It provides us a unique opportunity to 

contemplate protein behaviour in a non-ionic DES for the very first time. I chose bromelain as 

the model enzyme for this study. The result infers that at low DES concentration (up to 30% 

V/V DES), bromelain takes up a more compact structural conformation; whereas at higher DES 

concentration; it becomes somewhat elongated. Microsecond conformational fluctuation time 

around the active-site of bromelain gradually increases with increasing DES concentration, 

especially beyond 30% V/V. Interestingly, bromelain retains most of its enzymatic activity 

inside DES, and at some hydration level it is even higher as compared to that in buffer. 

Furthermore, we correlate bromelain’s activity with its structure, active-site dynamics and 

media’s physical property. Our results demonstrate that compact structural conformation and 

flexibility of active-site of bromelain favours its proteolytic activity. Similarly, an increased 

polarity and decreased viscosity of the medium is favourable for its activity.  
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6B.1 Introduction 

Proteins are generally stable only in aqueous solution. Perhaps, if one can stabilize a protein in 

some alternate media and carry out its function, it will open up a new dimension in bio-

catalysis. Therefore, many studies are carried out to investigate the structure and activity of 

proteins in ILs,1,2 and in the last few years DES is being explored as a potential media where 

protein’s structure/activity can be retained or even refold/increased.3-17 Further, DESs also 

serve as the matrix where proteins remain active in extreme condition.18-20 

Enzymes are vital entities for cell functioning and moreover there is significant interest in the 

use of structurally stable and active enzymes in the industrial processes.21-23 Bromelain is an 

industrially important plant cysteine protease from pineapple stem.24 Traditionally it is used in 

meat tenderizing and protein cleavage.25 it is also used as medicine to treat inflammation, 

thrombosis, arthritis, and so forth.26,27 The structure, stability and activity of bromelain have 

previously been investigated in the presence of several external perturbation, including 

osmolytes, denaturants and macromolecular crowders.28-35 However, like any other enzymes, 

use of harsh organic solvent might destroy the stability and activity of bromelain to limit its 

use. On the other hand Kumar et al. showed that bromelain’s stability and activity can be 

preserved in presence of choline based IL.36 Similarly, Venkatesu group showed that 

bromelain’s stability and activity increases at lower content of imidazolium based IL and at 

higher content the activity decreases.37,38  

However, there are many gaps in the study of bromelain (and any enzyme in general) in 

alternate media. First, there is no study on bromelain’s structure and activity in DES. Secondly, 

enzyme is a dynamic entity and the associated dynamics in the µs timescale is very important 

for its activity.39,40 Recently, there are some attempts to contemplate the µs dynamics in IL.41-

47 However, to the best of our knowledge, no studies have been conducted to reveal the µs 

protein dynamics in DES. Thirdly, Most of the DESs are ionic and all the few studies that have 

been carried out to understand protein’s behaviour in DES are done in such ionic DESs.7-17 

Most non-ionic interactions are weaker (than ionic interaction), so non-ionic DESs are 

challenging to form. However, from the applications point of view of these DES as a solvent, 

which demands a good solubility, many solutes (like hydrophobic ones) may not dissolve in an 

ionic DES. Non-ionic DES can overcome this problem. Therefore, understanding protein’s 

behaviour in non-ionic DES is important. However, there is no report till date. Fourthly, the 

understanding on why proteins are stable and retain their activity in DES is poorly understood.  

In this direction, we aim to explore the structural, functional, and dynamical response of 

bromelain in a ternary DES composed of acetamide, urea, and sorbitol with their mole fractions 
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as 0.5, 0.3, and 0.2, respectively (0.5Ac/0.3Ur/0.2Sor)48 with various degrees of hydration. The 

purposefully chosen DES here is non-ionic and liquid at room temperature. We also attempted 

to decipher the correlations between these responses. Further, the correlation between the 

activity of bromelain and DES’s property (e.g. extent of hydration, viscosity, and polarity) has 

been explored. The present work might give a physical insight for rational design of a DES. 

6B.2 Results and Discussion 

6B.2.1 Fluorescent tagging: Bromelain has five cysteine amino acid residues, among which 

two pairs are connected by disulfide linkage, and the remaining one (Cys-25) is present in the 

free/reactive form (figure 6B.1). More interestingly, this Cys-25 residue is present at the active 

site of bromelain.49  

 

 
Figure 6B.1 Amino acid sequence and 3D structure of bromelain (PDB ID: 1W0Q). The single 

free cysteine residue (Cys-25) is highlighted.  

This residue was tagged with 7-diethylamino-3-(4-maleimidophenyl)-4-methylcoumarin 

(CPM) and tetramethylrhodamine-5-maleimide (TMR) (figure 6B.2a and 6B.2c). CPM is 

weakly fluorescent in water with an emission maximum at 482 nm. Upon tagging, it becomes 

highly fluorescent, probably because of the restricted rotation of the 7-diethylamino moiety 

inside the protein matrix, and the emission maximum is blue-shifted to 475 nm (figure 6B.2b). 

Such a blue shift of the emission maximum might be ascribed to the burial of CPM inside the 

hydrophobic protein core of bromelain and thus confirms the tagging. TMR is not a 

solvatochromic dye and there is no change of its emission behaviour upon tagging to Cys-25 
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of bromelain (figure 6B.2d). The absorption profile of CPM and TMR does not change upon 

tagging to bromelain (see figure 6B.3) The tagging is confirmed by measuring the diffusion 

time of the dye through a certain volume using FCS. The diffusion time of free CPM and CPM 

tagged bromelain are found to be 22 and 67 µs, respectively, through an observation volume 

of 0.5 fL (figure 6B.2e). For free TMR and TMR tagged bromelain, the diffusion times through 

0.7 fL observation volume are respectively measured to be 31 and 94 µs (figure 6B.2f). Such 

an increase in the diffusion coefficient also proves tagging. Furthermore, taking advantage of 

CPM's solvatochromism, CPM fluorescence might be used to get information on local 

conformational alteration around Cys-25. The local conformation around the tagging site has 

been contemplated by CPM emission for other proteins like human serum albumin and β-

lactoglobulin.41,50 However to do this, one needs to confirm that the tagging has not perturbed 

protein's structure. We compared the CD spectrum of untagged bromelain, CPM tagged 

bromelain, and TMR tagged bromelain in figure 6B.2g. The almost similar CD spectra 

(secondary structural parameters are given in table 6B.1) prove that tagging has not 

significantly perturbed the structural feature of bromelain. The spectroscopic signal of CPM-

bromelain and TMR-bromelain remains unaltered even after 3 months. 
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Figure 6B.2 Tagging of bromelain. (a) Site-specific tagging scheme of bromelain with CPM. 

(b) Emission spectra of CPM (orange) and CPM tagged to Cys-25 of bromelain (blue). The 

emission spectra of untagged CPM has been multiplied by a factor of 50 to make it visible. (c) 

Site specific tagging scheme of bromelain with TMR. (d) Emission spectra of TMR (pink) and 

TMR tagged to Cys-25 of bromelain (purple). (e) Normalised fluorescence intensity 

autocorrelation traces for CPM (open blue circle) and CPM tagged to bromelain (filled blue 

circle). (f) Normalised fluorescence intensity autocorrelation traces for TMR (open pink circle) 

and TMR tagged to bromelain (filled pink circle). (g) CD spectra of untagged bromelain 

(black), TMR tagged bromelain (pink) and CPM tagged bromelain (blue).  
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Figure 6B.3 Absorption spectra of (a) free CPM and CPM tagged to bromelain; and (b) free 

TMR and TMR tagged to bromelain 

 

Table 6B.1 Secondary structural parameters of untagged, CPM tagged and TMR tagged 

bromelain. 

 α-helicity β-sheet β-turn Random Coil 

Untagged 

Bromelain 

20.1 22.4 18.0 39.5 

CPM-Bromelain 19.6 22.4 17.5 40.5 

TMR-Bromelain 20.0 22.3 18.0 39.7 

 

6B.2.2 Steady-state absorption and emission study: As discussed above, the change in the 

microenvironment around bromelain's active site can be monitored through the steady-state 

absorption and emission studies of CPM as it is tagged to Cys-25 residue of bromelain. To 

investigate the effect of 0.5Ac/0.3Ur/0.2Sor DES on this, we recorded the absorption and 

emission of CPM tagged bromelain in the presence of varying amount of DES (0% to 80% 

V/V) in phosphate buffer. Absorption spectra of CPM tagged to bromelain does not change in 

the presence of DES (data not shown). In the presence of 0 – 30 % V/V DES a small redshift 

in the emission spectrum was observed (𝜆𝑒𝑚
𝑚𝑎𝑥 = 478.5 nm in the presence of 30% V/V DES) 

with a slight decrease of emission intensity (figure 6B.4a and 6B.4b). On further increase in 

DES content, the emission maximum gradually blue-shifted and reached 471.5 nm at 80 % 

V/V DES. The result suggests that at lower DES content, CPM in the active site of bromelain 

experience a hydrophilic environment, and as the DES content increases, the environment near 

the active site become more hydrophobic. However, only from a steady-state experiment 

reaching such a conclusion is not right. As the surface accessibility is around 95% of Cys-25 
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of bromelain,51 we believe that steady-state emission characteristics of CPM tagged to Cys-25 

of bromelain is mainly controlled by external solvent medium rather than protein matrix. 

Basically, with increasing DES content, the polarity of the solvent might change and it is 

possible that the trend of emission maxima of CPM at the active site of bromelain follow the 

bulk solvent polarity. To check this possibility, we estimated the polarity of 

0.5Ac/0.3Ur/0.2Sor DES with various degrees of hydration through steady-state emission 

studies using coumarin 1 (C1) as the solvatochromic dye (see figure 6B.4c and table 6B.2). C1 

is analogous with CPM and experiences a large change in dipole moment upon photoexcitation, 

which makes it an excellent solvatochromic probe.52 As suspected, the trend is found to be 

similar as of CPM tagged to the active site of bromelain. We thus conclude that the steady-

state measurements are inconclusive.  

 

 
Figure 6B.4 Steady-state emission study. (a) Representative emission spectra of CPM tagged 

to bromelain at various DES contents. (b) Variation of emission maxima of CPM tagged to 

bromelain with increasing DES concentration. (c) Variation of emission maxima coumarin-1 

with increasing DES concentration. The black lines are eye-guide and every experimental point 

is the average value of three independent measurements and the error bar represents the 

standard deviation of the mean.  
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Table 6B.2 Various properties of bromelain and solvent media as a function of 

0.5Ac/0.3Ur/0.2Sor DES content. 

DES 

Content 

%(V/V) 

Emission 

maxima of 

coumarin 1 

(nm) 

Hydrodyn

amic 

Radius of 

bromelain

(Å) 

Conformation

al fluctuation 

time of 

bromelain (µs) 

Activity of 

bromelain  

Viscosity 

of solvent 

measured 

by FCS 

(cP) 

0 470.0 22.0 7.2 0.136 1.0 

10 471.0 22.4 6.9 0.142 1.1 

20 471.0 21.1 7.1 0.162 1.9 

30 471.5 18.2 7.4 0.171 3.3 

40 470.5 19.9 9.0 0.156 3.7 

50 469.0 27.0 11.5 0.141 6.5 

60 466.5 30.0 13.4 0.123 9.4 

70 464.0 32.1 14.1 0.123 22.3 

80 462.5 32.3 15.3 0.103 41.6 

 

6B.2.3 CD study: CD measurements would be useful in deciphering the modulations of 

secondary structural parameters of bromelain in the presence of DES. However, we could not 

perform the CD measurements in the presence of DES as DES has considerable absorption 

below 240 nm. Therefore, we could not directly comment about the modulation of secondary 

structure of bromelain in DES. However, we back-extracted bromelain from DES and recorded 

the CD spectra. If DES modulates the secondary structure of bromelain irreversibly, it will be 

imprinted in the CD signal. The result is shown in the figure 6B.5 and table 6B.3. It is clear 

that the back-extracted bromelain from DES retains most of its secondary structure. Therefore, 

we may conclude that DES does not modify bromelain’s secondary structure irreversibly. 
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Figure 6B.5 (a) CD spectra of native and back extracted (from various DES composition) 

bromelain. (b) Secondary structural parameters of native bromelain and back extracted 

bromelain from various DES composition. 

Table 6B.3  Secondary structural parameters of native bromelain and back extracted bromelain 

from various DES composition.   

DES Content 

%(V/V) 

α-helicity β-sheet β-turn Random Coil 

0 20.5 23.4 17.6 38.5 

10 20.4 23.5 17.6 38.5 

20 20.4 23.4 17.8 38.4 

30 20.2 23.8 17.8 38.2 

40 20 24 17.7 38.3 

50 19.7 24.1 17.7 38.5 

60 19.1 24.3 17.8 38.8 

70 18.3 24.8 17.8 39.1 

80 16.1 26.4 17.8 39.7 

 

6B.2.4 FCS study: The fluorescence intensity autocorrelation curve of both CPM and TMR 

tagged bromelain could be best fitted using equation 2.25 (see figure 6B.6) and returns two time 

components. The exponential time component of 7 µs is assigned as the conformational 

fluctuation time of the active site of bromelain. Further, we have performed the following 

control experiments to confirm it as the timescale of the conformational dynamics. (i) Although 

CPM is a weakly fluorescent molecule, it is possible to take the FCS data of CPM only. The 

data can be fitted (from 1 µs) using equation 2.21 quite satisfactorily. TMR is substituted 
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rhodamine, known to have a triplet state blinking timescale of around 1 µs. The autocorrelation 

trace of TMR is not correctly fitted by equation 2.21 from 1 µs. However, the fitting quality is 

quite good when fitted from 5 µs implying that the effect of dye’s photophysics dies beyond 5 

µs. However, neither the CPM tagged bromelain (from 1 µs) nor the TMR tagged bromelain 

(from 5 µs) autocorrelation curve can be fitted with equation 2.21 (figure 6B.6). Therefore, the 

requirement of an additional relaxation term implies that the origin of the term is not the 

photophysics of dye, but is the protein conformational fluctuation. (ii) Power dependent 

experiment can also be beneficial in deciding about the origin of the extra relaxation term. Had 

the term originates from triplet state blinking, the contribution should be affected by the power 

of the laser. However, that is not the case (see figure 6B.7). (iii) The exponential time 

component is also similar while employing two different tags (CPM and TMR). These further 

confirm that the additional time component of 7 µs is the timescale of bromelain's 

conformational dynamics. The longer time component, D, is converted to hydrodynamic radius 

as described in chapter 2. The hydrodynamic radius is calculated to be 21 Å for both CPM/TMR 

tagged bromelain, which is in accordance with previously measured hydrodynamic radius value 

of 23 Å by dynamic light scattering (DLS).53 We have taken FCS data of TMR tagged bromelain 

with increasing DES concentration (see figure 6B.8) instead of CPM.54  

 

 
Figure 6B.6 Fitting comparison of fluorescence autocorrelation traces of (a) CPM and CPM 

tagged to bromelain and (b) TMR and TMR tagged to bromelain. Equation 2.21 can fit the 

autocorrelation trace of CPM satisfactorily; but extra relaxation term is required to fit the 

autocorrelation trace of CPM-bromelain. Equation can fit the autocorrelation trace of TMR 

only when fitted from 5 µs. However, to fit autocorrelation trace of TMR-bromelain from 5 µs, 

equation 2.25 is required.  
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Figure 6B.7 Autocorrelations traces of CPM tagged to bromelain at different laser power. The 

value of conformational fluctuation time and its contribution remains similar with the variation 

of power. 

With increasing DES content we observe a slight decrease of hydrodynamic radius up to 30% 

(V/V) of DES, and with a further addition of DES the hydrodynamic radius gradually increases 

and reaches to 32Å  at 80% DES (figure 6B.8b and table 6B.2). The result suggests that 

bromelain adopts a slightly compact configuration in the presence of a small amount of DES. 

However, with a further increase of DES, the interactions that held the tertiary structure 

together gradually break down, and bromelain adopts an elongated/denatured conformation. 

To note that, emission study apparently contradicts this FCS result. However, emission study 

gives information about the very local environment of the dye, and FCS furnishes information 

about global protein structure. Moreover, we have already proved that the change of emission 

maxima of CPM tagged to bromelain in DES with various degrees of hydration is mainly due 

to the change of the solvent property, not the protein property. 

With increasing DES content the conformational fluctuation time of bromelain gradually 

increases (more prominently, beyond 30% (V/V) DES) suggesting an increased rigidness of 

the active site of bromelain (figure 6B.8c and table 6B.2). The rigidity of the protein matrix 

might be modulated with the structural modulation and with the opening of bromelain such 

rigidity should decrease. Moreover, the dye tagged to Cys-25 of bromelain is at the protein 

surface and is mostly solvent-exposed. Therefore, solvent viscosity should also have a crucial 

role in controlling the timescale of such motion.  



171 
 

 
Figure 6B.8 Single molecular level FCS measurement of TMR tagged to bromelain. (a) 

Normalized fluorescence intensity autocorrelation curve for TMR-tagged bromelain at 

representative DES concentrations. Fitting lines using equation 2.25 are shown by solid black 

lines. The residuals of fitting are also shown. (b) Variation of the hydrodynamic radius of TMR-

tagged bromelain with increasing DES concentration. (c) Variation of the conformational 

fluctuation time of TMR-tagged bromelain with increasing DES concentration. The black lines 

here are guides for the eye. Every experimental data point is the average of three independent 

measurements, and the error bar indicates the standard deviation of the mean. 

6B.2.5 Activity measurement: We studied the protease activity of bromelain taking casein as 

a substrate in 0.5Ac/0.3Ur/0.2Sor DES with various hydrations. In buffer, the absorbance of 

digested casein is 0.136. At a low DES content, the activity increases slightly and reaches to 

0.171 at 30% (V/V) DES. However, with a further increase in DES content, the activity drops 

and become 0.103 at 80% (V/V) DES (figure 6B.9 and table 6B.2). It is interesting to note that 

even in the presence of 80% (V/V) DES, bromelain retains most of its activity. Moreover, at 

30% (V/V) DES content bromelain's proteolytic activity found to be higher compared to that 

in buffer medium. As a control experiment, we performed the activity measurement in a 

solution of the DES constituents maintaining the same component concentration as in hydrated 

DES. We cannot perform the experiment beyond 60% for DES components in buffer because 

of the solubility issue. Here, at 30% (v/v) DES components, the activity is measured to be 

0.148. 
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Figure 6B.9 Variation of the activity of untagged bromelain with increasing 

0.5Ac/0.3Ur/0.2Sor DES concentration (red), and that in a solution of the DES constituents 

maintaining the same component concentration as in hydrated DES (blue). We can not perform 

the experiment beyond 60% for DES components in buffer because of the solubility issue. The 

solid lines are the eye-guides. Every experimental data point is the average of three independent 

measurements, and the error bar indicates the standard deviation of the mean. 

6B.2.6 Correlating bromelain’s activity with its structure/dynamics and DES properties:  

We attempted to find the correlation of bromelain’s activity with its structure and dynamics in 

0.5Ac/0.3Ur/0.2Sor DES at various degrees of hydration (figure 6B.10). Upto 30% v/v mixture 

of DES in buffer enhances the activity of bromelain, followed by a decrease in activity as the 

fraction of DES increases. The report is in line with several previous experimental reports 

where enzymes show increased catalytic activity at higher water content and decreases at 

higher DES content.14,20,55-57 However, a comprehensive explanation is difficult in this case as 

it is a mutual interplay of various factors and the enormous complexity in biomolecules put a 

restriction to draw a general rule. The structure is one of the main factors to determine the 

function. From FCS measurement we observed that the native structure of bromelain is 

destroyed at an increased concentration of DES and the activity decreased. However, at low 

DES content bromelain becomes more compact and shows a greater activity than its native 

state. Second factor that controls protein’s activity is its dynamics. Especially, the µs dynamics 

of the active site is believed to be the controlling factor of enzymatic activity. We have seen 

that with an increase in DES concentration, the timescale of conformational fluctuation 

dynamics of bromelain increases. This suggests that bromelain becomes more and more rigid 

with an increase in DES content. Probably, the decreased flexibility has a role in reducing 

bromelain’s activity at higher DES content. Overall, we see a beautiful correlation between 
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structure, active-site dynamics, and bromelain activity, i.e. (i) structural compaction and 

flexibility favours the activity and (ii) structural elongation and rigidity make it less active (see 

figure 6B.10).  

 
Figure 6B.10 Correlating bromelain’s activity with its structure, active-site dynamics, and 

media’s viscosity with increasing DES concentration. Structural compaction, decreased 

conformational fluctuation time of the active-site and low viscosity favours bromelain’s 

activity. In contrast, an elongated structural conformation, increased conformational 

fluctuation time and increased viscosity of the medium disfavours bromelain’s activity. 

Next, we envisaged to understand how the activity of bromelain is modulated with DES’s 

property due to different extent of hydration. The change of emission maxima of coumarin 1 

(a positive solvatochrocic dye) in 0.5Ac/0.3Ur/0.2Sor DES with various degrees of hydration 

can be ascribed to a change in polarity of the DES at different degree of hydration. Here, a 

redshift in the emission maxima indicates an increased polarity of the solvent. Interestingly, 

we get a beautiful correlation between polarity and activity (figure 6B.10). At 30% (V/V) DES 

and 80% (V/V) DES, polarity is maximum and minimum, respectively, and so is bromelain 

activity. Both the enzyme and the substrate, in this case, are large biomolecules. So, diffusion 

must have a prominent role to play in controlling the proteolytic activity. Diffusion is dictated 

by the friction experienced by bromelain or casein while moving in the medium and is greatly 

governed by the medium viscosity. The viscosity of the medium has been estimated from the 

diffusion time of R6G (see figure 6B.11 and table 6B.2). With increasing DES content viscosity 

gradually increases and diffusion becomes progressively slower. As per our prediction, 

bromelain’s activity should decrease gradually with increasing DES content, and in fact at high 

DES content, we found the activity decreases (figure 6B.10). However, the initial increase of 

activity cannot be rationalised through viscosity change and we believe it is mostly controlled 

by its structure. Most probably, the overall result is a combined effect of all possible causes. 
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Overall, we propose that a solvent that can compact the bromelain structure and increase its 

flexibility might be a better medium for its activity from such a correlation. Further, probably 

a solvent with low viscosity and high polarity is a better choice. 

 

Figure 6B.11 (a) Normalized fluorescence intensity autocorrelation curve for rhodamine-6G 

at some representative DES concentration. Fitting lines using equation 2.21 are shown by solid 

black lines. The residuals of fitting are also shown. (b) Variation of viscosity with increasing 

DES concentration 

 

One may argue that dilution with water might lead to the disruption of DES network. Therefore, 

it is hard to tell if the noted positive effect of DES at low concentration regime is due to the 

nature of the DES i.e. a hydrogen bonded solvent network, or due to normal salting in effects. 

Previous studies have shown that for many DES, the network is maintained up to a certain % 
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of water.58-63 For example, in the case of choline chloride/urea DES, the network is found to be 

maintained until ~83 mol% of water.58 If that be the case, then at high water content regime the 

interaction of individual DES components with water and protein will mainly control the 

protein’s behaviour rather than the network-like DES nature. To have more insight on it, we 

have done a control experiment. We mixed all the three constituents of DES in the water, 

maintaining the same component concentration as in hydrated DES, and recorded the 

proteolytic activity of bromelain (see figure 6B.9). Here we observed a definitive but slight 

increase in the proteolytic activity compared to pure buffer at higher water concentrations, in 

contrast to the significant effect brought in by the corresponding DES. Therefore, there is a hint 

that the synergistic action of the individual components might play a role. Nevertheless, the 

noted positive effect of bromelain activity in hydrated DES is probably controlled by the nature 

of the DES itself, i.e. a hydrogen bonded solvent network. Earlier, an increase in the 

peroxidase14 and lipase64 activity was proposed not due to the synergistic effect only even at 

higher degree of dilution. In the present case we also propose that even at high water content, 

DES still exist as somewhat intact entity. However, the properties of the DES itself would need 

to be studied to confirm the proposition, where neutron scattering might come handy.  

 

6B.3 Summary and Conclusion: 

In conclusion, we examined the behaviour of bromelain, an industrially important proteolytic 

enzyme, in a hydrated DES composed of acetamide, urea and sorbitol (0.5Ac/0.3Ur/0.2Sor). 

Moreover, we ventured to correlate the proteolytic behaviour with its structure and dynamics 

and with various DES’s properties. The main findings can be summarised as follows. (i) The 

structure becomes a little compact at a lower DES concentration (30% V/V), but becomes 

elongated at higher DES concentrations. (ii) Microsecond protein dynamics becomes 

progressively slower with increasing DES concentration. (iii) The enzymatic activity of 

bromelain is retained in DES. More importantly, at some DES concentration, the activity is 

even higher than that of the native state. (iv) We find a beautiful correlation between 

bromelain’s activity with its structure and dynamics and DES’s property. We conclude that a 

more compact structural conformation, higher flexibility of the active site, the low viscosity of 

solvent media, and a greater polarity probably facilitates its function. (v) The noted positive 

effect of DES on bromelain’s activity under high diluting condition is probably due to the effect 

of network-like DES structure. 

Overall, our results provide a deeper insight regarding the structure-activity-dynamics 

correlation of bromelain in 0.5Ac/0.3Ur/0.2Sor DES. We also investigated the correlation 
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between bromelain’s activity with DES’s property (i.e. extent of hydration, viscosity, and 

polarity). We believe such an insight will be beneficial for the rational design of DES as 

biocatalytic media. However, keeping in mind the enormous complexity of biological system, 

it is very tough to prescribe how the enzymatic activity can be optimized. A huge effort is 

necessary in this regard. 
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55. Durand, E.; Lecomte, J.; Baréa, B.; Villeneuve, P. Towards a better understanding of 

how to improve lipase‐catalyzed reactions using deep eutectic solvents based on 

choline chloride. Eur. J. Lipid Sci. Technol. 2014, 116, 16-23. 



182 
 

56. Lindberg, D.; de la Fuente Revenga, M.; Widersten, M. Deep eutectic solvents (DESs) 

are viable cosolvents for enzyme-catalyzed epoxide hydrolysis. J. Biotechnol. 2010, 

147, 169-171. 
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In my quest to study DESs, I mainly focused on the physical chemistry aspect of various types 

of DESs. Using time-resolved spectroscopic techniques, I explored various dynamics 

(solvation, rotation and translation dynamic) in DESs and their extent of decoupling with bulk 

viscosity, which was explained in terms of dynamic heterogeneity.  

We for the first time studied ultrafast solvent dynamics in a DES using femtosecond transient 

absorption spectroscopy and femtosecond optical Kerr-effect (OKE) spectroscopy. In the 

acetamide/urea DES, we found that the longest time constant of the solvation dynamics is 

associated with rotation of the solvent molecules. Major portion of the solvation is ultrafast 

(100 fs). Solvation was found to have small degree of decoupling from bulk viscosity indicating 

mild dynamic heterogeneity of the system. Translational diffusion of fluorescent probe studied 

by FCS nearly adheres to SE relation indicating mild heterogeneity. 

Next we studied spectroscopically less explored hydrophobic DES made up of lauric acid and 

menthol. From the combined result of solvation, probe rotation and translation diffusion, we 

proposed this DES to have micelle like structure. We observed that the decoupling of various 

dynamics from the bulk viscosity is length dependent. Rotational dynamics of a solute is 

confined to the first solvation shell and nearly adheres to SED whereas translational dynamics 

of a solute takes places beyond the first solvation shell and therefore, encounter different 

environments showing stronger decoupling from the medium viscosity. Thus we showed that 

the heterogeneity is modulated by the length scale.  

We also explored ultrafast solvation dynamics and solute translational diffusion in an ionic 

DES based on acetamide and lithium salts (NO3
−, Br− and ClO4

−). Surprisingly, in this study, 

we missed almost half of the Stokes-shift dynamics despite having good temporal resolution 

of the technique used. We believe that the missed Stokes-shift dynamics is because of the 

breaking of hydrogen bond network of acetamide by the ionic species. We also found that the 

sub-picosecond time component increases as the concentration of  Br− increases. Translational 

diffusion of solute showed strong decoupling from the bulk viscosity indicating dynamic 

heterogeneity as reported before.  

In an attempt to contribute to non-ionic DESs, we synthesized a new DES based on acetamide, 

urea and sorbitol. Temperature and concentration dependent thermo-physical properties of this 

new DES have been reported. Since DESs are proving to be a biocompatible medium, we 

studied the activity of a protein, bromelain, in newly prepared DES at varying degree of 
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hydration. Interestingly, it was found that the activity of bromelain in hydrated DES up to 

certain concentration is more than that in water.  

Despite having studied various dynamics of different DESs and arriving at some conclusions 

in previous chapters, complete understanding is DESs yet to be achieved. Many open questions 

remain unanswered. For example, how structure and dynamics of DESs is different from its 

pure counterparts or its constituents? This is as important as determining the complete phase 

diagram of DESs. However, it is difficult to address this as at least one of the constituent is 

usually solid at working temperatures and may have higher melting point. Most of the 

instruments have access to only a certain range of temperatures.  

One of the main reasons DESs captured the attention of the researchers is because of the 

transformation of solid to liquid. Therefore it is simply a mixture with some unusual and 

interesting physical and chemical properties. There are numerous studies on binary solvent 

mixtures where the depression of freezing points is not reported as there is no change of state 

upon mixing. These two types of mixtures could be studied and compared. The way I see it, 

DESs generally consist of “heavy molecules” in comparison to binary solvent mixtures i.e. 

size/mass of the constituent molecules in DESs are relatively higher than that of the 

constituents of binary mixtures. For example, choline chloride, menthol, sorbitol, etc. are fairly 

large molecules. According to hole theory (chapter 1), solvent containing species larger than 

the hole size will have higher viscosity. Therefore, all the dynamics coupled with viscosity will 

be slowed down. This creates an opportunity to study two dynamics (slow and fast) of different 

time domains separately. 

Apart from this, the molecular level understanding of the interaction present in DES, which 

essentially answer how DESs are different from the normal mixtures where the sole reason is 

the colligative property, needs to be explored.  

Because of several advantages of DESs over conventional solvents, it has a huge potential to 

go beyond academic confinement. However, from the applications point of view, DESs need 

to be extensively explored for its implementation at the industrial level in the forthcoming 

years. Both academia and industries still heavily rely on conventional solvent. For now, we can 

only hope that DESs is opted for more and more applications.    
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